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Abstract 
Solea senegalensis is a marine flatfish species that lately has drawn the attention 
of European aquaculture. Despite the recent advances on this species nutritional needs, 
its lipid metabolism is peculiar and the mechanisms behind it are fairly unknown. Lipids 
are the main energy sources in most carnivorous fish. However, Senegalese sole does 
not seem to utilise them efficiently as diets containing lipids above 8% impair growth. In 
the present thesis we tried to understand the nutritional regulation of lipid metabolism in 
relation with protein catabolism and glucose metabolism in this flatfish. 
In chapter 2 diets with protein levels above and below Senegalese sole protein 
requirement (56% vs 47%) were combined with two lipid levels (4% vs 17%) to evaluate 
lipid utilization and the protein sparing effect in juveniles. Like observed in previous works, 
sole fed diets with low fat content performed better than when fed with high lipid diets, 
revealing that increasing dietary lipids was not beneficial even when protein level was 
below sole requirement. Additionally it was observed that phosphofructokinase 1 (PFK-1) 
was up-regulated in fish fed low fat diets.  
The lack of a clear protein sparing effect lead to chapter 3, where it was tested the 
effects of dietary lipids (4% vs 17%) in intestinal digestion and absorption, and liver and 
muscle uptake. Due to the weak faeces consistency in this species, it was previously 
supposed that lipids were not well digested and absorbed by Solea senegalensis. 
However, lipid digestibility (83%-87%) and intestinal lipase activity (19-27 mU/mg protein) 
was not affected by dietary lipid levels. According to plasma triglycerides, dietary lipids 
were mainly absorbed 5h after feeding and fish fed the high fat diet presented significantly 
higher plasma concentrations compared to those fed the low fat diet, demonstrating 
effective lipid absorption. FABP11 and VLDL-r mRNA expression was enhanced by 
dietary lipid content in liver, but not in muscle. In general it was observed that sole can 
digest equally well high fat and low fat diets.  
Marine carnivorous fish are not capable to utilize well dietary carbohydrates. 
Nevertheless, since in previous chapters we observed that PFK-1 was up-regulated in low 
fat diets and lipid digestibility was not affected by high fat diets, in chapter 4 the possible 
interaction between dietary lipids and glucose metabolism was studied. The high lipid diet 
was associated with persistent hyperglycaemia and a significant reduction of muscle AKT, 
p70 ribosomal S6-K1 Kinase (S6K-1) and ribosomal protein S6 (S6) 2h after feeding, 
suggesting a down regulation of the AKT-mTOR nutrient signalling pathway. A possible 
negative effect of high level of dietary lipids on postprandial glycaemia was evidenced in 
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Senegalese sole, suggesting that glucose utilization could be strongly affected by fat 
intake.  
Finally, in chapter 5 the inclusion of vegetable oils (VO) up to 100% was evaluated 
on growth and fatty acid bioconversion capacity. Results demonstrated that Senegalese 
sole can cope with high levels of VO without compromising growth performance or 
nutrient utilization, even at 100% supplemental fish oil substitution. Muscle fatty acid 
composition was affected by fish oil substitution, but Elov5 and ∆4 desaturase enzymes 
expression were not modulated by dietary fatty acid composition, suggesting that fatty 
acid bioconversion capacity is not modulated by dietary fatty acid composition in Solea 
senegalensis. 
Overall, the use of dietary lipids seems independent of protein content and high 
dietary lipid level does not impair lipid digestion and absorption. Low fat diets upregulate 
the Akt-mTOR pathway, which could be the cause for the higher protein accretion in fish 
fed these diets, and an important role of carbohydrates at low dietary lipid content is 
suggested. Moreover, it was observed that Sole can cope well with a complete fish oil 
replacement by vegetable oil. This thesis has contributed to clarify some mechanisms 
related to Senegalese sole capacity to utilise lipids. 
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Resumo 
O Linguado do senegal (Solea senegalensis) é um peixe plano que recentemente 
tem chamado a atenção da aquicultura na Europa. Apesar dos recentes avanços sobre 
as necessidades nutricionais desta espécie, pouco se conhece acerca do seu 
metabolismo lípico e dos mecanismos que o regulam. Os lípidos são a principal fonte de 
energia em vertebrados, incluindo peixes teleósteos. No entanto, o linguado do senegal 
não parece utilizar os lípidos de uma forma eficiente, verificando-se um decréscimo da 
taxa de crescimento quando alimentado com dietas com teores lipídicos acima de 8%. Na 
presente tese procuramos abordar a regulação nutricional do metabolismo lipídico desta 
espécie em relação ao catabolismo proteico e metabolismo dos hidratos de carbono 
nesta espécie. 
No capítulo 2, dietas com níveis proteicos superiores e inferiores ao requisito 
proteico (56% vs 47%) foram combinadas com dois níveis lipídicos (4% vs 17%) para 
avaliar a capacidade de utilização lipídica desta espécie, especialmente a baixos teores 
proteicos, com o objetivo de promover acreção proteica e aumentar a eficiência proteica. 
Como observado anteriormente, o aumento do teor lipídico da dieta não foi benéfico para 
a performance de crescimento do linguado, mesmo quando o teor proteico da dieta foi 
inferior ao requisito (47%). Curiosamente, foi observado que a atividade da 
fosfofrutoquinase (PFK- 1) foi superior nos peixes alimentados com dietas pobres em 
gordura mas que continham um elevado teor de hidratos de carbono. 
No capítulo 3, testaram-se os efeitos do teor lipídico da dieta (4% vs 17 %) na 
digestão e absorção intestinal do linguado do senegal, assim como a nível do fígado e do 
músculo. Em trabalhos realizados anteriormente supôs-se que, para além dos elevados 
níveis proteicos testados, uma das possíveis causas para a má utilização lipídica seria a 
sua baixa digestibilidade, como sugerido pela fraca consistência das fezes desta espécie. 
Contudo, a digestibilidade lipídica (83%-87 %) assim como a atividade da lipase intestinal 
(19-27 mU / mg proteína) não foi afetada pelos teores lipídicos da dieta. De acordo com 
os triglicéridos plasmáticos, os lipídios foram maioritariamente absorvidos 5h após 
alimentação. Os peixes alimentados com a dieta com altos teores lipídicos apresentaram 
concentrações plasmáticas significativamente mais altas do que quando alimentados com 
a dieta com baixo teor lipídico, confirmando assim a absorção eficaz dos lípidos. A 
expressão do mRNA da FABP11 e da VLDLr foi aumentada no tratamento com alto teor 
lipídico no fígado, mas não no músculo. Em geral, observou-se que esta espécie pode 
digerir igualmente bem dietas com altos ou baixos teores lipídicos. 
  
6 
Os peixes carnívoros não são capazes de utilizar bem hidratos de carbono. No 
entanto, no capítulo 2 observou-se que actividade da PFK -1 foi aumentada em dietas de 
baixo teor lipídico. Uma vez que a digestibilidade dos lípidos não foi afetada pelo teor 
lipídico das dietas, no capítulo 4 foi estudada a possível interacção entre lipídos e o 
metabolismo dos hidratos de carbono. A dieta com alto teor lipídico foi associada com 
hiperglicemia persistente e uma redução significativa dos níveis proteicos da AKT, p70 
ribossomal S6 quinase-K1 e S6 (S6) 2h após alimentação, sugerindo uma regulação 
negativa da via de sinalização AKT-mTOR. Foi evidenciado um possível efeito negativo 
de um elevado teor lipídico na dieta sobre a glicemia pós-prandial, sugerindo que a 
utilização de glicose pode ser fortemente afectada pela ingestão de lípidos. 
Finalmente, no capítulo 5 foi avaliada a inclusão de óleos vegetais no 
crescimento e capacidade de bioconversão dos ácidos gordos. Os resultados 
demonstram que o linguado do Senegal pode lidar com altos níveis de óleos vegetais 
(completa substituição do óleo de peixe), sem comprometer o crescimento ou a utilização 
dos macronutrientes. A composição de ácidos gordos do músculo foi afectada pela 
substituição do óleo de peixe, mas a expressão da elongase Elov5 e ∆4 desaturase não 
foi modulada pela composição de ácidos gordos da dieta, revelando incapacidade de 
modular a expressão destas enzimas de acordo com a composição da dieta.  
No geral, a utilização dos lípidos parece independente do teor proteico da dieta e 
altos teores lipídicos não prejudicam a sua digestão e absorção. Dietas com baixo teor 
lipídico e alto teor em hidratos de carbono induziram um aumento significativo da via Akt-
mTOR, sugerindo que a diminuição da acreção proteica nas dietas com alto teor lipídico 
pode estar relacionada com uma interacção entre lípidos e hidratos de carbono. Esta tese 
contribuiu significativamente para esclarecer alguns mecanismos relacionados com a 
capacidade de utilização dos lípidos nesta espécie. 
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1.1 - Aquaculture and Senegalese sole 
For the first time in history, world aquaculture is on the edge of producing half of 
the fish consumed by the human population. This shows the sector vitality and continuing 
development in fish production and trade. From 2006 until 2011 aquaculture production 
increased from 47.3 to 63.6 million tonnes, a 74% increase in only five years (Table 1). 
Boosting this increase in production is consumers feeding habits change, as observed by 
the increase from 17.4 to 18.8 in per capita fish consumption in the continuously growing 
worldwide population. With fisheries capture foreseen to be stable in future years (around 
90 million tonnes), aquaculture arises as the main solution to respond to the increasing 
fish demand. 
 
According to EU production statistics and FEAP surveys, finfish aquaculture 
production in 2006 reached a total quantity of 1,415,632 t in Europe, with Norway and 
Turkey producing more than half of this amount (652.727 t). Within the 25 EU member 
states, the four largest fish producers were the United Kingdom (145,739 t), Greece 
(83,000 t), Italy (71,900 t), Spain (65,515 t) followed by France (49,900 t) (Melotti and 
    
2006 2007 2008 2009 2010 2011 
    (Million tonnes) 
                
PRODUCTION               
  
              
Capture               
Inland   9.8 10 10.2 10.4 11.2 11.5 
Marine   80.2 80.4 79.5 79.2 77.4 78.9 
Total capture   90 90.4 89.7 89.6 88.6 90.4 
    
            
Aquaculture   
            
Inland    31.3 33.4 36 38.1 41.7 44.3 
Marine   16 16.6 16.9 17.6 18.1 19.3 
Total aquaculture   47.3 49.9 52.9 55.7 59.9 63.6 
TOTAL  FISHERIES 137.3 140.3 142.6 145.3 148.5 154 
    
            
UTILISATION   
            
Human consumption   114.3 117.3 119.7 123.6 128.3 130.8 
Non-foos uses   23 23 22.9 21.8 20.2 23.2 
Population (billions)   6.6 6.7 6.7 6.8 6.9 7 
Per capita food fish supply (kg)   17.4 17.6 17.8 18.1 18.6 18.8 
Table 1 - World fisheries and aquaculture production and utilization 
(adapted from FAO, 2012) 
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Roncarati, 2009). Despite the scarce contribution of Europe for the worldwide fish 
production, the European market stands out from the remaining, with the average fish 
consumption achieving the 26 kg per capita, almost 10 kg more than the rest of the world 
(FEAP, 2011). However, these figures are discrepant even among the European 
countries, with Portugal (highest fish consuming country) presenting a per capita food fish 
consumption of 55 kg and countries like Hungry, Bulgaria and Romania less than 5 kg. 
Despite having the highest per capita fish consumption in Europe, Portugal only produced 
approximately 5000 tonnes in 2012, with turbot (2500 t) and gilthead sea bream (1200 t) 
production representing more than half of the total farmed fish production. 
 
Nowadays, most of European fish production is based on the cultivation of salmon 
(Salmo salar), trout (Oncorhynchus mykiss), sea bass (Dicentrachus labrax), sea bream 
(Sparus aurata) and turbot (Psetta maxima). The introduction of species like Senegalese 
sole (Figure 1), a valuable marine fish appreciated in southern Europe looks promising, 
especially due to the need to develop profitable markets. Senegalese sole is a benthonic 
marine species found from the Gulf of Biscay to the coasts of Senegal in sandy or muddy 
bottoms off the continental shelf, up to 100 m depth (Imsland et al., 2003). In the wild, this 
species feeds on polychaets, bivalves, molluscs and crustaceans. Sexual maturity is 
reached at age 3+ or when total length is around 32 cm. Sole spawning season occurs 
mostly between the months of March and June, with each female ovulating and releasing 
batches of eggs every few days over a period of several weeks (Imsland et al., 2003). 
After many years, Sole is finally seen as a species for marine aquaculture, with an 
increase recorded in production from 110 tonnes to 500 tonnes from 2008 to 2011, 
especially in Portugal and Spain. Some fish farms are inclusively on the verge of 
producing exclusively this species, due to its high market price even in small size fish (12 
euros per kg). Senegalese sole reproduction is still one of the major constraints but, with 
advances achieved in the past decade, soon this problem will be overcome (Conceição et 
al., 2007; Imsland et al., 2003; Villalta et al., 2008). In fact, Senegalese sole farming is 
0 7cm  
Figure 1- Solea Senegalensis (FAO) 
Towards the Understanding of Senegalese sole Lipid Metabolism – CHAPTER 1 
 
 
10 
already a reality. Given this information, feeding strategies as well as specific dietary 
formulation is required to enhance production and increase fish farmers’ profit. 
In fish species, lipids are responsible for most of the dietary energy. In sea bream, 
sea bass and some flatfish species like turbot and Atantic halibut, a protein-sparing effect 
of dietary lipids has been observed. However, in Senegalese sole, increasing the lipid 
levels from 11 to 21% (Dias et al., 2004) did not improve growth. It was recently 
demonstrated a low lipid tolerance of Senegalese sole and a dietary lipid inclusion up to 
8% was recommended for optimal growth and feed utilisation (Borges et al., 2009). 
Further in this chapter, the influence of the dietary macronutrients, with especial incidence 
in lipids, will be discussed. 
1.2 - Nutritional Requirement of Senegalese sole 
1.2.1 - Protein requirement 
Proteins are the main components in fish tissues, representing about 65-75% of 
body weight expressed as dry matter. These nutrients are used essentially for the 
production of new proteins (growth and reproduction) or replacement of the existing ones 
(maintenance). However, the excess may be used for energy production (oxidation) 
(Wilson et al., 2002).  
Fish in general and carnivorous fish in particular, seem to have higher protein 
requirements than those of mammals or birds. However, Tacon and Cowey (1985) found 
that these requirements, when expressed in relation to consumption and size (g protein 
per kg body weight per day) were similar. Fish do not need protein in its broad sense, but 
a balanced mixture of amino acids. Most fish species require the same 10 amino acids 
considered essential for most animals: arginine, histidine, isoleucine, leucine, lysine, 
methionine, phenylalanine, threonine, tryptophan and valine (Kaushik and Seiliez, 2010). 
Flatfish in general (Aksnes et al., 1996; Berge and Storebakken, 1991; Helland 
and Grisdale-Helland, 1998) and Solea senegalensis in particular (Rema et al., 2008) 
have a higher protein requirement than other marine finfish species (50-60% vs 40-50%) 
(Hidalgo and Alliot, 1988; Peres and Oliva-Teles, 1999; Sabaut and Luquet, 1973; 
Santinha et al., 1999). According to Rema et al. (2008), protein requirement for good 
overall growth performance in Solea senegalensis should be above 53% crude protein, 
whereas the daily crude protein requirement for maximum protein accretion has been 
estimated to be 60% of the diet. This represents an extremely high cost in aquafeeds 
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because fish meal, which can account for 20 to 60% of the diet, is an expensive 
ingredient. On the other hand, feed itself is responsible for more than a half of the 
production cost in fish farms. However, since the early findings of Lee and Putnam (1973) 
diets formulations tend to increase the non-protein energy to spare protein for growth. The 
dietary energy level is critical for fish because dietary protein is preferentially utilized as an 
energy source when scarce dietary energy from lipids or carbohydrates is provided to fish. 
Depending on the feeding habits of the fish, dietary energy supplied either as lipid and 
carbohydrate are important to support the growth process.  
Carbohydrates are the most economical source of dietary energy. However, the 
ability of fish to utilize carbohydrate varies among species (NRC, 2011). Dietary 
carbohydrate utilization by fish appears to be dependent on the digestive and metabolic 
systems, which are adapted to the different aquatic environments, dietary carbohydrate 
level and complexity of the carbohydrate source (Bergot, 1979; Enes et al., 2011). 
Generally, warmwater herbivorous or omnivorous fish utilize higher levels of 
carbohydrates than carnivorous coldwater salmonids and marine fish (Wilson, 1994). 
Senegalese sole feeds basically on benthonic invertebrate, such as larvae from 
polychaets, bivalve, molluscs and small crustacean (Cabral, 2000). Despite the apparent 
carnivorous feeding habits, acid digestion and proteolysis in stomach of Senegalese sole 
seems to be residual (Yúfera and Darías, 2007), as generally found in species with 
omnivorous feeding habits. First studies on macronutrient utilization in this species 
suggested sole low capacity to utilize dietary lipids (Borges et al., 2009) or carbohydrates 
at lipid levels above 11% (Dias et al., 2004). As widely discussed in several species (Dias 
et al., 1998; Grisdale-Helland and Helland, 1998; Kaushik, 1998; Lupatsch and Kissil, 
2005), the relation between digestible protein/energy would give a better insight in this 
subject.  
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1.2.1.1 - Protein metabolism 
Expansion of Senegalese sole production, as well as other fish species depends 
upon the use of sustainable protein sources to replace fish meal in aquafeeds. With the 
decline of fish stocks, fish meal price rises and set pressure in the aquaculture industry to 
find new feedstuffs. However due to the high quality of fishmeal, its replacement by 
cheaper and more available feedstuffs that do not compromise fish growth and health 
status is challenging. Along with the inclusion of vegetable protein comes a different 
amino acid profile that, ultimately, can affect fish growth. In Senegalese sole juveniles, 
Silva et al. (2009, 2010) observed that dietary fish meal could be totally replaced by a 
mixture of plant protein sources without any adverse effects on growth, feed or protein 
utilisation and nitrogen losses, provided that amino acid profile, feed acceptance, and 
feeding regime are optimized. These observations were corroborated later, with data from 
digestibility showing that this flatfish species is capable of digest vegetable ingredients 
relatively well (Cabral et al., 2011, 2013; Dias et al., 2010).  
Fish growth depends on several factors such as the amount, relative proportion 
and utilisation of dietary amino acids. The amino acids absorbed are used for protein 
synthesis or energy production (catabolised). Additionally, they can also be transaminated 
into other amino acids, used in gluconeogenesis or lipogenesis, or in the synthesis of 
other nitrogen-containing molecules. The balance between pathways determines fish 
growth. Amino acids are a major source of energy in fish (Cowey, 1994) covering more 
than 40% of energy expenditure during routine activity (Van Waarde, 1983). Amino acids 
catabolism results in the production of α-ketoacids that can be oxidized (Krebs cycle). 
Alanine, glutamate, glutamine and aspartate are preferentially used for energy production, 
while the other non-essential and essential amino acids are spared for protein synthesis. 
According to the amino acid catabolised, the respective ketoacid can enter in different and 
sometimes multiple reactions of the Krebs cycle, depending of the carbon backbone (for 
details see: Stryer, 1995).  
At some extent, if sufficient metabolic energy is provided when dietary protein is 
replaced by an appropriate energy source the protein requirement can be diminished. The 
substitution of dietary protein by an energy source is indeed the basis of protein sparing, 
being the lipids the most common form of non-protein energy used in fish diets. 
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1.2.2 - Lipids requirement 
Lipids are the most studied biomolecules and their importance and functions are 
very often discussed in scientific papers and conferences within fish nutrition. Lipids, by 
definition, can fall into several different categories. Chemically, they are organic 
biomolecules formed primarily of carbon, hydrogen, and, in a lower percentage, oxygen. 
In addition they can also contain phosphorus, nitrogen and sulfur (Figure 2). 
 
 
Lipids are a very wide and heterogeneous group of substances that share two 
characteristics: they are insoluble or partially soluble in water and can be dissolved in 
organic solvents (e.g. ether, chloroform and benzene). As in higher vertebrates the main 
lipid classes in fish are triacylglycerols (TAG), providing stored energy, and phospholipids, 
constituents of cell membranes. TAGs are triesters of glycerol with three fatty acids, while 
phospholipids are esters of fatty acids and a phosphoric acid, linked with another alcohol 
(usually ethanolamine, choline, serine or inositol).  
Lipids are the densest form of dietary energy available with approximately 
38.5kJ/g. Proteins (23.6 kJ/g) and carbohydrates (17.3 kJ/g), are approximately half as 
energy dense as lipids. Because of their energy density, lipids are the most efficient 
nutrient for maximising energy intake (Bureau et al., 2002). Dietary formulations in 
aquaculture tend to increase the lipid content as a non-protein source for enhancing 
growth and sparing protein, while reducing organic matter and nitrogen losses (Cho et al., 
1994; Hillestad and Austreng, 1998; Kaushik, 1998). In species such as salmon 
(Hillestead and Johnsen, 1994), trout (Lee and Putnam, 1973), gilthead sea bream 
Figure 2 – Most common types of storage and membrane lipids (adapted from Nelson and Cox, 2002) 
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(Vergara et al., 1999) and European sea bass (Dias et al., 1998), protein retention may be 
improved by partly replacing dietary protein by lipids, but in flatfish species this protein-
sparing seems to be controversial. High dietary lipids enhanced growth and protein 
utilisation in plaice (Pleuronectes platessa) (Cowey et al., 1975), whereas no beneficial 
effects were reported in halibut (Hippoglossus hippoglossus) (Berge and Storebakken, 
1991; Grisdale-Helland and Helland, 1998; Hamre et al., 2003) and Senegalese sole 
(Dias et al., 2004). However, other studies with Atlantic halibut reported a protein-sparing 
effect with increasing dietary lipids, though diets were not isonitrogenous. Moreover, 
turbot (Psetta maxima) growth performance was negatively affected by dietary lipids 
(Caceres-Martinez et al., 1984; Regost et al., 2001).  
Different dietary carbohydrate to lipid ratios do not seem to affect growth 
performance in Solea senegalensis juveniles (Rueda-Jasso et al., 2004), but it seems to 
condition tissue lipid deposition and tissue oxidative status. Previous results (Borges et 
al., 2009) suggest a poor utilisation of the lipid fraction as lipid inclusions higher than 8% 
depressed growth. Moreover, Campos et al. (2010) showed that dietary lipid levels have a 
remarkable impact on the expression of growth-related genes in Senegalese sole, 
especially myogenic regulatory factors and myosins that exhibited decreased expression 
with an increase in dietary lipids. Lack of a protein-sparing effect by dietary lipid might be 
related to the high protein level of the experimental diets used so far. This suggests the 
need to optimize the dietary protein/lipid ratio to the metabolic needs of Senegalese sole 
juveniles. 
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1.2.2.1 - Lipid Digestion, Absorption and Transport 
Marine fish are mainly carnivorous (Sargent et al., 2002). In species like capelin, 
fat content can reach 20% of wet weight or more, mainly in the form of TAG. It is logic that 
fish in a higher trophic chain, like salmon or cod, which capture these prey must be 
capable of efficiently digest and assimilate large quantities of lipids. Fish lipid digestion, 
absorption and transport are quite similar to that of mammals (Figure 3). However, 
different fish species possess variable anatomical features, such as different intestine 
length, presence or absolute lack of a discrete pancreas, resulting in different capacities to 
digest and absorb dietary nutrients (Tocher, 2003). In addition, fish are ectothermic and as 
a consequence the rate of nutrients digestibility is lower than in endothermic animals 
(Kapoor et al., 1975). 
 
 
 
 
 
 
 
 
 
 
The major group of lipids present in fish feeds is by far the TAG. Because TAG 
cannot cross cellular membranes, they must be hydrolysed before being absorbed. 
Pancreas or hepatopancreas is the major source of digestive lipase enzymes in fish as it 
is in mammals (Kapoor et al., 1975). Lipases can be broadly defined as enzymes that 
catalyse the hydrolysis of ester bonds in substrates such as TAG, phospholipids, 
cholesteryl esters, and vitamin esters (Wong and Schotz, 2002). In vertebrates, three 
major lipases are produced in the pancreas: pancreatic lipase, phospholipase A2 and a 
Figure 3 - The metabolic fate of dietary lipid in the body. Circulation and metabolic fate of dietary lipid in the body 
(A). The main steps and players involved in intestinal LCFA absorption are depicted (B): (1) micellar dissociation 
followed by LCFA protonation mediated by the acidic microclimate, (2) LCFA cellular uptake by passive diffusion 
or with the help of binding proteins (3) intracellular trafficking involving soluble lipid-binding proteins and (4) 
triacylgycerol-rich lipoprotein synthesis and exocytosis into the lymph. ACBP, acyl-CoA-binding proteins; ACS, 
acyl-CoA synthetases; CS, cholesterol; ER, endoplasmic reticulum; FA-, ionized long-chain fatty acids; FABPpm, 
plasma membrane fatty acid binding protein; FAH, protonated long-chain fatty acids; HDL, high density 
lipoprotein; HL, hepatic lipase; LPL, lipoprotein lipase; LRP, LDL-related peptide; MTP, microsomal triacylglycerol 
transfer protein; TAG, triacylglycerol (triglycerides); PL, phospholipids; CE, cholesterol esters; VLDL, very low 
density lipoproteins. (adapted from Niot et al., 2009) 
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non-specific carboxyl ester lipase (Kurtovic et al., 2009). Among them, the carboxyl ester 
lipase has the broadest range of substrates. In most fish, the carboxyl ester lipase is the 
main enzyme involved in TAG breakdown (Gjellesvik, 1991, 1992, 1994; Iijima et al., 
1998; Nayak et al., 2003). This lipase is capable of hydrolyzing tri-, di-, and 
monoglycerides, cholesteryl esters, esters of vitamins A and E, aryl esters, phospholipids, 
lysophospholipids, wax esters, and ceramide. Evidence of a pancreatic lipase-colipase in 
fish as described in mammals is scarce, but some studies described a protein with similar 
weight and properties in rainbow trout (Leger et al., 1977). Other lipolytic enzymes are 
responsible for the cleavage of phospholipids and wax esters (for details see: Tocher, 
2001; Wong and Schotz, 2002).The main products of lipid digestion are: free fatty acids, 
acyl glycerols and glycerol, 1-acyl-lyso-glycerophospholipids, cholesterol and long chain 
alcohols from the hydrolysis of cholesteryl, and wax esters (Tocher, 2003). In fish, this 
subject is not very well studied but it is common belief that hydrolytic products are 
solubilized or emulsified in bile salt micelles and uptake by the enterocytes by passive 
diffusion. Lipid absorption in fish mainly occurs in the proximal part of the intestine. Lipid 
can also be absorbed along the entire intestine although, as with digestive function, in 
diminishing amounts. However, in flatfish like turbot (Koven et al., 1997) lipolytic activity is 
higher in the distal part of the intestine. After absorption, lipids are exported from the 
intestine in the form of lipoproteins. Lipoproteins may be classified accordingly to their 
density and size. They are larger and less dense when they consist of more fat than 
protein. The major lipoproteins synthetise in the intestine are Very-low-density-lipoproteins 
(VLDL)-like and chylomicrons-like particles. In fish, these particules are produced in the 
lumen of the endoplasmatic reticulum, such as in mammals. Most intestinal lipoproteins 
are transported to the lymphatic system before appearing in the circulatory system and 
being delivered to the liver (Sheridan, 1988). In teleost fish albumin is the major plasma 
protein. Fish albumin has the same characteristics as mammalian serum albumin (Smet, 
1978), although this protein is more related to the transport of free fatty acids from 
adipose tissue depots to peripheral tissues, under appropriate physiological conditions 
(Sheridan, 1988). 
Contrary to chylomicrons, produced exclusively in the intestine, VLDL are mainly 
produced in the liver (Figure 4). Along the bloodstream, they deliver the lipid content to 
peripheral tissues, gradually changing in density and composition (Tocher, 2003). 
Therefore, VLDL progressively loss their triglyceride content and shrink, losing also a 
substantial portion of  
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their phospholipids and apolipoprotein C to the high-density lipoproteins (HDL). With this 
loss, VLDL become denser giving rise to intermediary-density lipoproteins. These 
intermediary lipoproteins can be reabsorbed by the liver or further hydrolyzed, loosing 
apoliprotein E and giving origin to low-density lipoproteins (LDL). (Tocher, 2003). The 
biogenesis of HDL particles is more complex and there is still much to reveal in mammals 
(Tsompanidi et al., 2010). In fish, this lipoprotein represents the major fraction and is 
considered as the main lipoprotein involved in lipid transport (Babin and Vernier, 1989; 
Caballero et al., 2006; Chapman, 1980; Kjær et al., 2009; Santulli et al., 1997). The lower 
degradation and higher intestine and liver synthesis of HDL particles, and a fast 
degradation of the VLDL fraction has been proposed to explain this phenomenon, but to 
our knowledge have not been tested. One of the most important structural elements of 
lipoproteins are the apolipoproteins (APOA, B, C and E), lipid binding proteins that have 
the ability to regulate the transport of lipids into and out of cells by acting as cofactors for 
plasma enzymes and ligands for cell-surface receptors. The major enzymes of lipoprotein 
metabolism and remodeling, including lipoprotein lipase and hepatic lipase, have been 
reported in fish (Kurtovic et al., 2009). By this means, fish and humans are capable of 
delivering fatty acids to the peripheral tissues where they can be used as an energy 
source.  
To be utilized by the peripheral tissues, lipids need to be transported inside cells. 
Because of their hydrophobic features, specific mechanisms coupling intracellular lipids to 
biological targets and signalling pathways are needed. The fatty acid-binding proteins 
(FABPs) are soluble proteins that bind to lipids and acts as transporters (Haunerland and 
Figure 4 – Relationship between the different lipoproteins and where they are synthetize. 
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Spener, 2004; Storch and McDermott, 2009; Zimmerman and Veerkamp, 2002). Several 
types of FABPs are described in mammals and the different tissue distribution proposes 
distinct functions (Storch and Thumser, 2010), with their names indicating where they 
were firstly described and are more abundant (Table 2). 
 
 
 
*Fabp10 (Sharma et al., 2006) and 11 (Agulleiro et al., 2007; Vayda et al., 1998) only present in fish 
In fish, knowledge about these proteins is still limited and mainly concerning tissue 
distribution and protein characterization (Córdoba et al., 1998; Liu et al., 2003,  2007; 
Odani et al., 2001; Pierce et al., 2000; Sharma et al., 2006; Vayda et al., 1998). In 
mammals, liver and heart FABPs have been related to the development of fat deposition 
and obesity as well as the development of the metabolic syndrome (Atshaves et al., 2010; 
Terra et al., 2011) whereas intestinal FABPs were shown to be involved in the protection 
against obesity and metabolic syndrome (Levy et al., 2009; Montoudis et al., 2008), 
suggesting the importance of this protein in intracellular lipid trafficking and, consequently, 
lipid metabolism. The highly conserved regions of FABPs in fish and mammals (Agulleiro 
et al., 2007; Parmar et al., 2012) suggest that intracellular fatty acid transport in fish is 
similar to that in higher vertebrates. In Solea senegalensis, FABP11 was up-regulated in 
somatic cells surrounding attretic follicles, being suggested as a marker to determine 
Table 2 – Different fatty acid-binding proteins types, tissue specificity and its ligands 
Adapted from (Haunerland and Spener, 2004) 
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cellular events that regulate follicular atresia in fish (Cerda et al., 2008). The influence of 
heart type FABPs in handling stress and its involvement in energy metabolism and 
protection against the lipotoxic effect of fatty acids was also suggested in Sole liver 
(Cordeiro et al., 2012), revealing these proteins as main actors in lipid metabolism. When 
excess energy is supplied to fish, fatty acids are stored as a long-term source of energy or 
catabolized. In these processes FABPs may assume important functions and further 
knowledge can provide critical information to understand the fate of dietary lipids.  
1.2.2.2 - Fatty acid catabolism 
Fatty acid oxidation represents a physiological response to tissue energy depletion 
during fasting, febrile illness, and increased muscular activity. The β-oxidation of fatty 
acids occurs in two distinct organelles, the peroxisomes and mitochondria; however, in 
mammals the mitochondrial β-oxidation, in contrast to the peroxisomal β-oxidation, is 
inhibited by cyanide (Mannaerts et al., 1979). Mitochondrial ß-oxidation is the major 
energy producing pathway providing an important source of energy for the heart and for 
skeletal muscle. From the cleavage of fatty acid in Acetyl-CoA, with the reduction of NAD+ 
to NADH as part of the β-oxidation spiral (Rinaldo et al., 2002), ATP can be generated to 
meet energy needs. This process consists of cycle series of reactions catalysed by 
several distinct enzymes. In the liver, the oxidation of fatty acids fuels the synthesis of 
ketone bodies, 3-hydroxy butyrate and acetoacetate, which are utilized as an alternative 
energy source by extrahepatic organs, particularly the brain (Rinaldo et al., 2002).  
The process of mitochondrial β-oxidation and ketone body formation have all been 
established in fish, although ketone bodies are probably only important in elasmobranchs 
and not in teleost fish other than sturgeons (Singer et al., 1990; Zammit and Newsholme, 
1979). Fatty acids are an important source of energy in liver, heart, and red muscle. 
However, several studies focused the importance of fatty acid oxidation on white muscle. 
In Atlantic salmon comparing the specific enzyme activity of the different tissues, white 
muscle presents low values, but if the results are presented as total β-oxidation capacity 
for whole tissue, white muscle is responsible for most of the fatty acids oxidized as this 
tissue represents at least 50% of fish total weight (FrØyland et al., 2000; Stubhaug et al., 
2005). Peroxisomes are another site of β-oxidation. In studies in which mitochondrial and 
peroxisomal β-oxidation have been measured separately, peroxisomal β-oxidation has 
been shown to constitute as much as 30% of total hepatic β-oxidation in Notothenia 
gibberifrons, an Antarctic cod (Crockett and Sidell, 1993b), and 50% in Longhorn sculpins 
(Myoxocephalus octodecimspinosus) (Crockett and Sidell, 1993a). These studies 
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demonstrated that this pathway contributes significantly to total fatty acid oxidation and, 
thus, should be considered when analysing fish β-oxidation capacity.  
1.2.2.3 - Lipids and Carbohydrates interactions 
Fish aquaculture relies on dietary lipids to spare protein, reduce nitrogen wastes 
and achieve feed formulations that do not compromise fish farmers’ profit, since protein 
sources are the most expensive feed ingredients. In carnivorous species dietary protein 
requirement is generally high and by balancing diets with non-protein energy sources, 
dietary protein can be lowered without impairing growth performance (see section 1.1.2). 
Carnivorous fish are considered glucose intolerant as they are not able to lower plasma 
glucose after a glucose load (Moon, 2001; Polakof et al., 2012). First reports on this 
subject proposed that the hyperglycaemic state in carnivorous fish was the result of a 
deficiency in insulin secretion (Palmer and Ryman, 1972). Nevertheless, later it was 
observed that fish insulin secretion is in fact higher than in mammals (Mommsen and 
Plisetskaya, 1991). Several other factors have been attributed to the low carbohydrate 
utilization in carnivorous fish species, but few studies have approached the interaction 
between dietary lipids and carbohydrates, despite the effects of high dietary lipid intake on 
health and glucose metabolism in higher vertebrates (Hue and Taegtmeyer, 2009; Lazar, 
2005). In rainbow trout, lower post prandial glucose utilization was observed in fish fed a 
diet with fish oil compared to a diet devoid of fish oil (Panserat et al., 2002). In this trial a 
pair-feeding protocol was adopted to avoid huge differences in protein and carbohydrate 
intake, but even so carbohydrate intake was higher with the low fat treatment (devoid of 
fish oil). Interestingly, in these fish glucose plasma level was significantly lower than in fish 
fed the high fat diet, demonstrating that they were capable of utilizing glucose more 
efficiently. Additionally, the hyperglycaemic phenotype associated with the high fat diets 
was linked to higher glucose-6-phosphatase expression and activities in the liver. It was 
recently confirmed that the hyperglycaemic state of carnivorous fish does not depend on 
dietary carbohydrate intake alone and that the persistent gluconeogenic capacity may be 
due to high lipid levels, similar to findings in mammals (Figueiredo-Silva et al., 2012). In 
this study, the insulin signalling pathway was also evaluated and it was observed that 
insulin receptor substrate 1 protein level was reduced in trout fed the high fat diet. Reliable 
commercial methods to measure fish insulin are not yet available (for review see: Caruso 
and Sheridan, 2011; Plisetskaya, 1998) but the analysis of the pathways activated by this 
hormone can provide useful information about the effect of lipids on insulin pathway. The 
insulin signalling pathway is complex and the analysis of the critical nodes is crucial to 
interpret results. In fish, the administration of acute and chronic insulin activates several 
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key factors in this pathway that are involved in protein synthesis (Polakof et al., 2010; 
Seiliez et al., 2011b). In Solea senegalensis no studies explored the effects of the 
combined use of lipids and carbohydrates. However, in a previous study, a low fat diet 
with a high carbohydrate content (dietary lipid < 9% Dry matter) lead to higher protein gain 
and growth compared to a high lipid/low carbohydrate diet, foreseeing a possible impact 
of dietary lipids on carbohydrate utilization (Borges et al., 2009).  
1.2.2.4 - Fatty acid Biosynthesis: elongation and desaturation  
Due to biological limitations, some fatty acids involved in important biological 
functions cannot be synthesised de novo by most animals including fish, the so-called 
essential fatty acids (EFA) (NRC, 2011). The main five EFA in fish are: docosahexaenoic 
acid (DHA, 22-6n-3), eicosapentaenoic acid (EPA, 20:5n-3), arachidonic acid (ARA, 
20:4n-6), linolenic acid (ALA, 18:3n-3) and linoleic acid (LOA, 18:2n-6). All five are 
considered essential for most aquaculture species although amounts and balance 
between them depend of fish species biology (Glencross, 2009). In fish, the fatty acid 
synthesis occurs mainly in the liver. The main fatty acids synthesised de novo are palmitic 
acid (C16:0) and stearic acid (C18:0). Fatty acids (synthesised or supplied by the diet) can 
be converted into longer and/or more unsaturated fatty acids, within certain limits (figure 
5). To start the biosynthetic process its required acetyl CoA and malonyl COA, which 
condensate in the presence of NADPH to produce butyryl CoA (4 carbons). From this 
point forward, the same process is repeated more 6 times, adding acetyl CoA (2 carbons) 
to the chain. In this process an enzymatic complex composed of two identical 
polypeptides catalyse the reaction; the fatty acid synthetase (FAS) (Chirala and Wakil, 
2004). When it reaches 16 carbons, a thiolase cleaves off the CoA end and releases the 
palmitic acid (C16:0). Since the sequential condensation steps performed by FAS require 
NADPH, enzymes like malic enzyme (ME), in the pyruvate-malate cycle, and glucose 6 
phosphate dehydrogenase (G6PD) in the pentose phosphate pathway, have great 
relevance in fatty acid metabolism (Dias et al., 1998). In humans and most monogastric 
animals (except birds) the penthose phosphate pathway is the main provider of reducing 
equivalents compared with pyruvate-malate cycle (Iritani et al., 1984). In most common 
cultivated fish like rainbow trout (Walzem et al., 1991), European sea bass (Dias et al., 
1998), Senegalese sole (Dias et al., 2004) and gilthead sea bream (Menoyo et al., 2004), 
NADPH reducing equivalents are mainly provided by G6PD. Although, in Atlantic salmon 
(Menoyo et al., 2003) and White sturgeon (Fynn-Aikins et al., 1992; Hung et al., 1989) 
malic enzyme is the responsible for most of the NADPH formed within cells.  
Towards the Understanding of Senegalese sole Lipid Metabolism – CHAPTER 1 
 
 
22 
To further elongate and desaturate fatty acids other enzymes like ∆9, ∆6, ∆5 and 
∆4 desaturase as well as elongases are required (Figure 5). In vertebrates, biosynthesis 
of highly unsaturated fatty acids is initiated by sequential desaturation and elongation of 
LOA and ALA. Synthesis of AA is accomplished by a ∆6 desaturation of 18:2n-6 to 
produce 18:3n-6 that is elongated to 20:3n-6 and finally desaturated at the ∆5 position. 
 
 
 
EPA and DHA are synthesised from 18:3n-3 through the same pathway, but DHA 
synthesis requires two further elongation steps, a second ∆6 desaturation and a chain 
shortening step (Voss et al., 1991). However, a different pathway was recently 
characterized in the herbivorous fish S. canaliculatus, suggesting that, at least in some 
vertebrates, DHA could be produced from EPA via elongation followed by direct ∆4 
desaturation (Li et al., 2010). Recently, Morais et al. (2012) presented evidences of fatty 
acid elongation through the characterization of an elongase 5 (Elov5), and a possible 
route for DHA synthesis directly from EPA, its precursor, through a ∆4 desaturase in 
Solea senegalensis. Generally, freshwater fish are capable to convert C18 fatty acids from 
n-3 and n-6 series to ARA, EPA and DHA, which make LOA (18:2n-6) and ALA (18:3n-3) 
Figure 5 - Representative diagram of the main routes of fatty acids bioconversion and prostaglandins. The solid 
lines represent the main pathways and the dashed minor pathways. The long n-9 fatty acids generally are 
synthetize in freshwater fish with EFA deficiency. P-prostaglandin, Tr-thromboxanes  
(adapted from Corraze, 2001)). 
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essential for these species. On the other hand, for marine fish long chain fatty acids like 
ARA, EPA and DHA are considered essential as the efficiency to further elongate and 
desaturate C18 precursors is limited when compared to freshwater species (Glencross, 
2009; Tocher et al., 1989). Theoretically marine fish are able to elongate these last fatty 
acids, since ∆6 and ∆5 activity has been described in salmonids and other marine species 
(Hastings et al., 2004; Li et al., 2010; Zheng et al., 2009). However, it seems that feeding 
habits and PUFA availability dictates the activity of these enzymes (Castro et al., 2012) 
especially due to a deficiency or impairment of the ∆5 fatty acid desaturase.  
Fish oil substitution by grain oil sources is crucial to sustain aquaculture growth 
although these substitutions must be carefully executed in order to preserve fish wealth 
and growth, making essential to perform this kind of studies in species where the 
nutritional requirements are not known. 
1.2.2.5 – Dietary sources of oils: Vegetable oils vs Fish oil 
Whether in marine or freshwater fish, tissue fatty acid composition is markedly 
influenced by the dietary lipid profile. A balanced fatty acid profile is not only important for 
fish health but also provides healthy food for consumers (Tocher, 2003). In the continuous 
growing aquaculture sector, a large percentage of diet feedstuffs, like fish oil and fishmeal, 
are from feed grade fisheries, making it at long term unsustainable its use in fish diets. To 
give a clearer view of the problem, in 2006 65% of the fishmeal produced worldwide was 
used in aquafeeds. For fish oil the situation is even more dramatic, with 85% of the 
production used in aquafeeds. Marine resources are finite and with the continuous 
pressure by the aquaculture industry, soon we will have to find different resources to 
increase profits and, more importantly, preserve the marine ecosystem. Due to these 
factors, many plant products (essentially grain sources), by-products, microbial production 
of terrestrial animal and microalgae are currently being tested to identify possible 
alternative lipid sources to replace fish oil (Glencross, 2009). Oils from grain products are 
the most studied and used, mainly due to their lower cost and greater availability, although 
they lack or have only residual traces of n-3 very long chain fatty acids. However, is these 
n-3 fatty acids that make fish a healthy food for consumers, because of their health effects 
on the cardiovascular system (Das, 2000, 2006). The dietary substitution of part or the 
totality of fish oil by various vegetable oils has been extensively studied in various 
species. The change in the fatty acid profile of the organism in general and muscle tissue 
in particular has been evaluated in several fish species: rainbow trout (Fonseca-Madrigal, 
2005), brown trout (Turchini et al., 2003), Atlantic salmon (Bell et al., 2001, 2003a), brook 
char (Salvelinus fontinalis) (Guillou et al., 1995), gilthead sea bream (Izquierdo et al., 
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2005), sea bass (Izquierdo et al., 2003), perc (Twibell et al., 2001), muray cod 
(Maccullochela peelii peelii) (Francis et al., 2006) and turbot (Regost et al., 2003). In all 
these studies, tissue fatty acid profile has changed with the percentage of oil replaced. 
Moreover, Bell et al. (2001) demonstrated a linear correlation between the individual fatty 
acids from the diet and tissue fatty acids. 
The inclusion of dietary vegetable oils such as soybean and corn oil (rich in LN), 
flaxseed oil (rich in LNA), palm oil (rich in palmitic acid) and rapeseed oil (rich in oleic 
acid) at the expense of fish oils, rich in highly unsaturated fatty acids such as EPA and 
DHA, is reflected in tissue fatty acid composition. Generally, the C18 fatty acid content 
increases, while the content of EPA and DHA decreases. Additionally, studies revealed 
that the concentration of EPA decreases more than that of DHA (Bell et al., 2003c; Twibell 
et al., 2001). One possible reason can be the preferential DHA deposition in the tissue, 
irrespective of their concentration in the diet, and its poor utilization as a substrate for 
beta-oxidation due to its complex catabolism (Sargent et al., 2002). In rainbow trout either 
fed vegetable or fish oil, liver and muscle DHA levels were higher than the dietary 
concentration of this fatty acid, irrespective of the type and degree of substitution 
(Caballero et al. 2002). In sea bream, Izquierdo et al. (2005) found that muscle EPA and 
DHA content decreased when a substitution of 60 or 80% of fish oil by vegetable oils was 
performed. This decrease was significantly larger in EPA than in DHA, particularly in the 
neutral lipid fraction. As stated earlier, with the exception of DHA, all other fatty acids are 
possibly used for energy purposes, especially when the dietary lipid level increases (Bell 
et al., 2003b, 2003c). In salmonids, reduction of highly unsaturated fatty acids levels leads 
to alterations in the mechanisms involved in the biosynthesis and conversion of fatty 
acids, increasing the utilization of C18: 3n-3 for elongation and desaturation (Bell et al., 
2001; Caballero et al., 2002), which could explain the increased DHA content in the 
muscle of fish fed diets supplemented with vegetable oils.  
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1.3 – Objectives of the thesis 
The overall aim of this project is to identify the metabolic consequences of the 
quantity and the nature of lipid in the diet for Senegalese sole (Solea senegalensis Kaup), 
a candidate for marine aquaculture in Europe. Findings will contribute to a better 
understanding of the nutritional regulation of lipid metabolism and protein catabolism in 
this flatfish, in connection with growth performance and flesh nutritional quality. Due to the 
global capture of wild fish declining and the rapid expansion of aquaculture industry, 
alternative ingredients in fish feeds are considered a priority, but could strongly impact the 
nutritional value of the fish, as regards to n-3 fatty acids content. 
Specific objectives are: 
a. Understanding the effect of different protein/lipid ratios on lipid 
metabolism and protein catabolism (activity of key enzymes and 
expression of key genes involved in lipid and protein metabolism); 
b. Reduce sole nitrogen utilization for energy production and enhance 
protein utilization for growth. 
c. To identify the optimal protein/lipid ratios for the best growth and nutrient 
utilization in juveniles 
d. Understanding the effect of alternative lipid sources in sole metabolism 
and final quality.  
e. To identify the maximal vegetable oil that can be incorporated into diets 
for sole juveniles. 
The ultimate goal of this thesis is to bring new information to adjust the 
composition of the diets for Solea senegalensis in order to optimize growth and quality of 
production of this recent aquaculture species. 
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2.1 - Abstract 
Previous experiments with Senegalese sole demonstrated that dietary lipid levels 
above 8% impaired growth and did not promote protein retention. We hypothesized that this 
low ability to use high lipid diets may depend on the dietary protein level. In this study, a 
2x2 factorial design was applied where two dietary lipid (4 to 17% of dry matter (DM)) and 
two dietary protein (below and above requirement levels, 48 and 54% DM) levels were 
tested in juveniles for 114 days. Growth performance was not improved by the increase in 
dietary fat, irrespectively of the dietary protein levels. Protein retention was similar among 
diets, although fish fed the diets with high lipid content resulted in significantly lower protein 
gain. Among the enzymes involved in amino acid catabolism, only the aspartate 
aminotransferase activity in the liver was affected by the dietary lipid levels, being 
stimulated in fish fed high lipid diets. Moreover, PFK-1 activity was significantly elevated in 
the muscle of Senegalese sole fed 4% lipid diets suggesting an enhanced glycolysis in the 
muscle when dietary lipid supply is limited and dietary starch increased. The results 
confirmed that high lipid diets do not enhance growth, and data from selected enzymes 
support the assumption that lipids are not efficiently used for energy production and protein 
sparing, even when dietary protein is below the protein requirement of the species. 
Furthermore, data suggest a significant role of glucose as energy source in Senegalese 
sole. 
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2.2 - Introduction 
The balance between dietary protein and energy has a major impact on protein 
utilisation (Bureau et al., 2002; Kaushik, 1998), affecting the ratio between protein 
oxidation (energy) and synthesis (growth). It also determines body reserves storage that 
varies depending on the respective proportions of the macronutrients supplied by the diet. 
Dietary lipids appear to be a more efficient non-protein energy source for fish than 
carbohydrates, especially in salmonids and other carnivorous species. Besides their 
higher energy value and their high digestibility, dietary lipids are generally preferentially 
oxidized compared to carbohydrates sources (Kolditz et al., 2008; Sargent and Tacon, 
1999). Consequently, over the past decades the use of high lipid diets in fish aquaculture 
has become a common practice due to the role of dietary lipid as a non-protein energy 
source, enhancing growth, protein retention and reducing organic matter and nitrogen 
losses (Kaushik, 1998; Lee and Putnam, 1973). However, previous studies indicated that 
the lipid metabolism of Senegalese sole (Solea senegalensis) differed from the general 
trend. 
Senegalese sole is a marine fish with high protein requirements, a feature shared 
with most of marine fish species, especially flatfish (Hamre et al., 2003; Lee et al., 2002; 
NRC, 2011; Peres and Oliva-Teles, 2008; Rema et al., 2008; Wilson et al., 2002). 
According to Rema et al. (2008), at a fixed dietary lipid level of 12%, Senegalese sole 
diets should include a high crude protein level (53% DM) to maintain good overall growth 
performance. In flatfish species, a protein sparing effect of dietary lipid has been observed 
in turbot (Scophthalmus maximus) (Bromley, 1980) and Atlantic halibut (Hippoglossus 
hippoglossus) (Helland and Grisdale-Helland, 1998), but in Senegalese sole increasing 
the lipid level from 11 to 21% (Dias et al., 2004), did not improve growth. Borges et 
al.(2009) has recently demonstrated a low lipid tolerance of Senegalese sole , and 
recommended a dietary lipid inclusion of up to 8% for optimal growth and feed utilization 
efficiency at a protein level of 57% (DM basis). We hypothesized that the low ability to use 
high lipid diets may depend on dietary protein level, being dietary protein at high levels 
(above 50% DM basis) preferentially oxidized over non-protein energy sources. In many 
teleost species, an improvement in protein retention can be achieved when low protein 
diets are used as long as the dietary non-protein energy fraction increases (Alvarez et al., 
1999; Dias et al., 1998; Lee and Putnam, 1973).  
Measurements of enzyme activity associated with growth parameters are generally 
useful tools to study fish metabolic adaptation to dietary supply (Dabrowski and Guderley, 
2003). Activity of key hepatic enzymes involved in protein catabolism has been pointed as 
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a relevant indicator of the metabolic utilisation of dietary protein by fish (Fynn-Aikins et al., 
1995; Metón et al., 1999). Moreover, non-protein energy and dietary protein levels can 
generate different responses in the hepatic lipogenic enzymes (Dias et al., 1998; 
Fernandez et al., 2007). With the increase in non-protein energy supplied either as lipids 
or carbohydrates, changes in β-oxidation and glycolytic pathways are expected. 
Mitochondrial β-oxidation is the major energy producing pathway from fatty acid oxidation 
providing an important source of energy for tissues, especially the heart and the skeletal 
muscle (Rinaldo et al., 2002). Assessment of the major sites of lipid catabolism and 
synthesis may provide further insight in the apparent weak utilisation of the dietary lipids in 
Senegalese sole. 
The objective of the present study was to test the hypothesis that the limited 
capacity of Senegalese sole to utilize dietary lipids is related to the dietary protein levels. 
To this end, a 2x2 factorial design was applied where two dietary lipid (4 to 17% of dry 
matter (DM)) and two dietary protein (just below and above requirement levels, 48 and 
54% DM) levels were tested in Senegalese sole juveniles. The dietary lipid levels were 
chosen based on previous experiments (Borges et al., 2009) where sole fed with diets 
containing 4% lipid displayed significantly higher growth rates  than those fed higher lipid 
levels (12, 16 and 20% lipid DM basis). At the end of the trial, growth performance, body 
composition and feed utilization were analysed. In addition, the activity of selected hepatic 
enzymes was determined as indicator of the intermediary metabolism. Therefore, the 
activity of selected enzymes involved in amino acid catabolism - alanine aminotransferase 
(ALAT), aspartate aminotransferase (ASAT) and glutamate dehydrogenase (GDH) - fatty 
acid oxidation - 3-Hydroxyacyl CoA dehydrogenase (HAD) fatty acid synthesis - Fatty acid 
synthase (FAS) and glucose catabolism (PFK-1) were assessed. 
2.3 - Material and Methods 
Experimental diets 
Four experimental diets were formulated to contain two protein levels, below and 
above requirement levels (48 and 54% DM) and two lipid levels, previously shown to 
result in significantly different growth rates (4 and 17% DM) (Table 1). Increase in lipid 
levels was achieved by adding fish oil and lowering the amount of wheat meal whereas 
the two protein levels were obtained by mixing different quantities of wheat meal and 
wheat gluten. As a consequence, all diets had varying carbohydrate levels that resulted in 
different starch contents. Low fat–low protein diets had higher starch contents (26-20% vs 
17-14% DM). Ingredients and proximate composition are presented in table1. Ingredients 
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LT, low temperature; CPSP G, fish soluble protein 
concentrate (hydrolysed fishmeal); Lutavit C35, vitamin C; 
Lutavit E50, vitamin E; DCP, dibasic calcium phosphate;  
* Vitamins (per kg diet): vitamin A, 10000 IU ; vitamin D3, 
2125 IU ; vitamin K3, 12.5 mg; vitamin B12, 0•025 mg; 
vitamin B1, 10 mg; vitamin B2, 25 mg; vitamin B6, 12.5 mg; 
folic acid, 12.5 mg; biotin, 0.86 mg; inositol, 300 mg; 
nicotinic acid, 85 mg; pantothenic acid, 37.50 mg;  
† Minerals (per kg diet): Mn (manganese oxide), 25 mg; I 
(potassium iodide), 1.88 mg; Cu (copper sulfate), 6.25 mg; 
Co (cobalt sulfate), 0.13 mg;  Zn (zinc oxide), 37.5 mg; Se 
(sodium selenite), 0.31 mg; Fe (iron sulfate), 75 mg. 
Table 1 – Ingredients and proximate composition 
of the experimental diets with different 
Protein/Lipid levels 
were finely ground, mixed and pelleted dry without steaming using a laboratory pelleting 
machine (C-300 model; California Pellet Mill, San Francisco, CA, USA) with a 2.0 mm die 
Growth Trial  
The current study was conducted under the supervision of an accredited expert in 
laboratory animal science (following FELASA category C recommendations) and 
according to the European Economic 
Community animal experimentation guidelines 
directive of 24 November 1986 (86/609/EEC). 
The study was performed at the 
experimental facilities of CIIMAR, Porto, 
Portugal, with Senegalese sole (Solea 
senegalensis) juveniles supplied by a 
commercial fish farm (Coelho & Castro, 
Portugal). After arrival at the experimental unit, 
fish were acclimated to the new facilities for 
two-weeks. For each treatment, three 
homogeneous groups of 20 fish (average initial 
body weight (17 ± 1.8g) were grown in white 
fiber glass tanks (50 cm*35 cm). Each tank was 
supplied with filtered and heated (20 ± 1 ºC) 
seawater (30 ‰), at a flow rate of 1.5 L min-1. 
The most important water parameters 
(temperature, dissolved O2, salinity, pH and 
nitrogenous compounds) were monitored during 
the entire trial and maintained at levels within 
the limits recommended for marine species. 
Fish were exposed to an artificial photoperiod of 
12 h light. At the beginning and end of the 
experiment individual weights and length of fish 
were recorded. Fish were fed ad libitum by 
automatic feeders six to eight meals a day (24h) 
over a period of 114 days. All tanks were daily monitored and feed distribution adjusted 
according to feed losses in each tank (Borges et al., 2009).  
   Dietary treatments 
  Protein level  48   54 
  Lipid level  4 17   4 17 
Ingredients (g/kg)           
Fishmeal LT 300 300   300 300 
CPSP G 80 85   85 85 
Soybean meal 48 120 119   125 106 
Corn gluten 90 90   90 90 
Wheat meal 360.9 217.9   271.9 140.9 
Wheat gluten 39 60   118 148 
Fish oil 0 118   0 120 
Choline chloride 1 1   1 1 
Lutavit C35 0.3 0.3   0.3 0.3 
Lutavit E50 0.5 0.5   0.5 0.5 
Vit* & Min Mix† 2.5 2.5   2.5 2.5 
Betaine 0.7 0.7   0.7 0.7 
DCP 5 5   5 5 
Proximate composition (%DM)       
Dry matter 92.1 93.3   93.1 96.0 
Ash 7.9 7.5   7.8 7.4 
Crude protein  48.4 48.6   55.5 54.1 
Crude fat 4.4 17.6   4.7 17.3 
Starch 26.0 16.5   20.1 13.5 
Gross energy (kJ) 20.1 22.8   20.4 23.0 
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Ten fish from the initial stock were sampled at the beginning of the feeding trial 
and stored at -20 º until whole body analysis. At the end of the trial, 3 fish/ tank were 
sampled 24h after the last meal for the same purpose. All fish sampled were euthanized 
by a sharp blow on the head. Liver and muscle were removed from 12 fish per tank 6h 
post-prandial and immediately frozen in liquid nitrogen, and thereafter stored at -80 ºC. 
From those, two livers were used for total lipid analysis and the remaining 10 livers for 
determination of enzyme activity.  
Analytical methods 
Frozen samples from each tank were cut without thawing into pieces avoiding drip 
losses, minced altogether using a meat mincer and pooled homogeneously. After 
homogenization, part of each sample was used to determined moisture content (105 ºC 
for 24 h to constant weight). The rest of the samples were subsequently freeze-dried 
before further analyses.  
Feed and freeze-dried whole body samples were  analysed for dry matter (105 ºC 
for 24 h), ash (550ºC for 6 h, Nabertherm L9/11/B170; Bremen, Germany), crude protein 
(Nitrogen Analyser, Leco FP-528, Leco, St. Joseph, USA; N x 6.25), crude lipid 
(Petroleum ether extraction, Soxtherm Multistat/SX PC, Gerhardt, Königswinter, 
Germany), and gross energy  (Adiabatic bomb calorimeter, C2000, IKA, Staufen, 
Germany). Starch was measured following the amyloglucosidase- -amylase method 
(AOAC, 2006). 
Livers were analysed individually for total lipids following Folch et al. (1957). 
Hydroxyacyl-CoA dehydrogenase (HAD; EC.1.1.1.35) activity was measured in liver and 
muscle according to Kobayashi et al. (1996). Alanine aminotransferase (ALAT; EC 
2.6.1.2), aspartate aminotransferase (ASAT; EC 2.6.1.1) and glutamate dehydrogenase 
(GDH; EC 1.4.1.2) activities were determined as follows: a frozen sample of either liver or 
muscle was homogenized, diluted at 1/10 in ice-cold buffer (30 mM HEPES, 0.25 mM 
saccharose, 0.5 mM EDTA, 5 mM K2HPO4, 1 mM dithiothreitol, pH 7.4). The homogenate 
was then centrifugated at 900 ×g for 10 min, and the supernatant used for ALAT, ASAT 
and GDH determinations. For GDH, the supernatant was sonicated for 1 min (pulse 1 s, 
amplitude 50) and centrifuged again at 15000 ×g for 20 min. ALAT and ASAT were 
assayed using kits from Enzyline (ALAT/GPT, ref. 63313; ASAT/GOT, ref. 63213) at 37 °C 
and followed at 340 nm. The GDH activity was measured using 10 mM of L-glutamic acid, 
as described previously by Bergmeyer (1974), at 37 °C.  
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FAS activity was measured in liver by an isotopic method using [14C] acetyl-CoA 
according to Hsu and Butterworth (1969). Liver was homogenized in three volumes of 
icecold buffer (0·02 mol/l Tris-HCl, 0·25 mol/l sucrose, 2 mmol/l EDTA, 0·1 mol/l NaF, 0·5 
mmol/l phenylmethylsulphonyl fluoride, 0·01 mol/l b-mercaptoethanol, pH 7·4). 
Homogenates were centrifuged at 15000g for 20 min at 4ºC and activity of FAS was 
measured on the supernatant. 
Phosphofructokinase (PFK-1) activity was assayed in the muscle in a final volume 
of 0.2 ml containing: 100mM-Tris-HCl pH 8.25, 5mM-MgCl2, 50mM-KCl, 0.15mM-NADH, 
4mM-ammonium sulfate, 12mM-2-mercaptoethanol, 10mM-fructose 6-phosphate, 0.675 
U/ml fructose bisphosphate aldolase (EC 4.1.2.13), 5 U/ml triose-phosphate isomerase 
(EC 5.3.1.1), 2 U/ml glycerol-3-phosphate dehydrogenase (EC 1.1.99.5) and 5µl crude 
extract. The PFK-1 reaction was measured after addition of 1mM-Fructose-6-phosphate at 
30ºC, followed by a decrease in absorbance at 340nm.  
One unit of enzyme activity was defined as the amount of enzyme that catalysed 
the hydrolysis of 1 µmol of substrate per minute at the assay temperature. Enzyme 
activities were expressed per mg of soluble protein. Protein concentration was measured 
according to Bradford’s method (1976), using a protein assay kit (Bio Rad, München, 
Germany) with bovine serum albumin as a standard. 
Statistical analysis 
Statistical analyses followed methods outlined by Zar (1999). All data were tested 
for homogeneity of variances by Bartlet´s tests, and then submitted to a two-way ANOVA 
with dietary protein and lipid level as main effects using Statistic 9.0 (Statsoft, Tulsa, 
Oklahoma, USA). When protein*lipid interactions were significant (P≤0.05), individual 
means were compared using Tukey test. Significant differences were considered when 
P≤0.05. 
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2.4 - Results 
Feed intake varied significantly with the dietary treatments and was lower with the 
high lipid diets so that gross energy intake was similar in the four groups. Given the large 
differences in lipid content of the diets (17 vs 4 % of dry matter), lipid intake was 
significantly higher in fish fed the 17% lipid diets despite the reduction in feed intake. As 
expected there was an interaction between lipid and protein level for starch intake, 
although lipid level had a stronger effect. The diets with low lipid level (higher dietary 
starch content) presented clearly higher starch intakes compared with the high fat diets. 
Protein intake was affected either by lipid and protein level and was significantly higher 
(p<0.05) in diets containing 54% crude protein with the highest values recorded for fish 
fed the diet 54/4. 
Table 2 - Effect of different dietary protein/lipid levels in Senegalese sole intake and growth after 114 days 
(Mean values and standard deviations (n= 3)) 
 
 
At the end of the trial all treatments resulted in a threefold increase in body weight 
(Table 2), that ranged from 52g (54/17) to 60g (54/4). Daily growth index (DGI) and final 
body weight were significantly affected by dietary lipid levels, with the highest values 
recorded for the diets with low lipid/high starch level (p≤0.05). Feed conversion ratio 
(FCR) was affected by both the protein (p<0.05) and the lipid level (p<0.05) of the diets 
with values ranging from 1.14 (54/17) to 1.34 (48/4). Protein efficiency ratio was affected 
by lipid level and was higher in fish fed high lipid diets (1.66 and 1.62 for 54/17 and 
48/17). 
   Dietary Treatments   
  Protein level (P) 48 54 Anova 2-ways 
  Lipid level (L) 4 17 4 17 L P L*P 
Intake (g or kj/kg/day) Mean SD   Mean SD   Mean SD   Mean SD         
  Dry matter* 12.32 0.22   11.14 0.55   12.00 0.48   10.17 0.64   <0.05 0.054 0.28 
  Protein 5.96 0.10   5.41 0.27   6.66 0.26   5.50 0.35   <0.05 <0.05 0.07 
  Lipids 0.54 0.01 b 1.96 0.10 a 0.57 0.02 b 1.76 0.11 a <0.05 0.09 <0.05 
 Starch 3.20 0.01 a 1.83 0.01 c 2.41 0.01 b 1.47 0.01 d <0.05 <0.05 <0.05 
  Energy (kj) 247.26 4.35   253.48 12.48   245.14 9.74   233.75 14.70   0.70 0.12 0.20 
Growth                               
  Final body Weight 54.59 1.57   53.15 3.90   60.05 3.40   52.32 3.62   <0.05 0.25 0.13 
  DGI† 1.07 0.03   1.04 0.08   1.17 0.07   1.02 0.07   <0.05 0.30 0.17 
  FCR‡ 1.34 0.03   1.24 0.02   1.23 0.07   1.14 0.03   <0.05 <0.05 0.87 
  PER§ 1.54 0.04   1.66 0.02   1.47 0.08   1.62 0.04   <0.05 0.08 0.52 
      
 
     
 
     
 
     
 
       
DGI, daily growth index; FCR, feed conversion ratio; PER, protein efficiency ratio; ABW, average body weight. 
a-b Mean values within a row with unlike superscript letters were significantly different (P<0.05). 
†DGI = 100 x ((final body weight)1/3 - (initial body weight)1/3)/days. 
‡FCR = dry feed intake/weight gain. 
§PER = weight gain/crude protein intake. 
Nutrient intake= nutrient intake/average body weight ((initial body weight + final body weight)/2)/days. 
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No differences were found in the hepatosomatic index and liver lipid content 
among treatments, with values ranging from 0.99 to 1.01 and 8.54 to 11.10, respectively. 
Viscerosomatic index was significantly affected by lipid level (P<0.05), with high lipid diets 
leading to higher values. Whole body protein and moisture were significantly affected by 
lipid level, and were higher in fish fed the low lipid diets compared with fish fed high lipid 
diets (Table 3). The opposite trend was observed for both whole body energy and lipid 
content. Dietary lipid level had a stronger effect on whole body lipid and energy content 
than the dietary protein level.  
Table 3 - Effect of different dietary protein/ lipid levels in Senegalese sole somatic indexes (n=12) and nutrient 
utilisation (n=3) after 114 days (Mean values and standard deviations) 
HSI, hepatosomatic index; VSI, viscerosomatic index; WW, wet weight. 
a,b,c Mean values within a row with unlike superscript letters were significantly different (P<0.05). 
*HSI = 100 * (liver weight/body weight) (%). 
† VSI = 100 * (visceral weight/body weight) (%). 
‡ Initial body composition was as follows: moisture, 75·65% WW; ash, 2·49% WW; protein, 17·22% WW; lipids, 4·53% WW; energy, 5·81 
kJ/g WW. 
§ Nutrient gain = (nutrient in final carcass–nutrient in initial carcass)/average body weight/days. 
||Retention = 100 £ (final body weight £ final carcass nutrient content–initial body weight £ initial carcass nutrient content)/nutrient intake. 
Dry matter gain was similar among treatments and varied from 2.24 (48/4) to 2.51 
g/kg/day (48/17). Protein gain was affected by lipid level and was higher in fish fed low 
lipid diets. For lipids and energy gain was observed an interaction between protein and 
lipid level although fish fed high lipid levels deposited more lipids and, consequently, more 
energy. Dry matter retention was affected by both lipid level and dietary protein with the 
higher values registered for 54/17 (23.78 %) and the lowest for 48/4 (18.18 %) diets. 
    Dietary treatments     
  Protein Level (P) 48  54    2-way Anova 
  Lipid Level (L) 4 17  4 17   L P L*P 
    Mean SD   Mean  SD     Mean  SD   Mean SD           
  HSI * 0.99 0.16   1.01 0.19     0.99 0.18   0.99 0.15     0.69 0.72 0.76 
  Liver total lipids  9.04 1.75   11.1 2.68     8.54 1.47   9.16 2.17     0.14 0.17 0.42 
  VSI † 2.16 0.33   2.44 0.32     2.23 0.24   2.57 0.36     <0.05 0.34 0.89 
Whole body composition ‡ (%WW)                         
  Moisture  76.27 0.73   73.78 0.1     75.95 0.34   74.37 0.53     <0.05 0.64 0.14 
  Ash 1.82 0.23   1.62 0.09     1.79 0.08   1.70 0.24     0.19 0.82 0.59 
  Protein 19.17 0.29   18.31 0.29     19.46 0.48   18.41 0.15     <0.05 0.35 0.63 
  Lipids 3.08 0.29 c 6.63 0.23 a   3.25 0.29 c 5.8 0.23 b   <0.05 <0.05 <0.05 
  Energy (kj/g) 5.53 0.01 c 6.66 0.04 a   5.64 0.06 c 6.37 0.12 b   <0.05 0.07 <0.05 
Gain § (g/kg/day)                                    
  Dry matter 2.24 0.07   2.51 0.11     2.41 0.13   2.42 0.15     0.08 0.62 0.09 
  Protein 1.88 0.03   1.72 0.12     2.01 0.13   1.72 0.09     <0.05 0.27 0.26 
  Lipids 0.26 0.03 c 0.72 0.01 a   0.3 0.04 c 0.61 0.04 b   <0.05 0.09 <0.05 
  Energy (kj) 54.05 0.86 c 66.57 2.69 a   57.59 2.69 bc 62.56 2.63 ab   <0.05 0.86 <0.05 
Retention || (% intake)  
  Dry matter 18.18 0.44   22.58 0.37     20.1 1.47   23.78 1.16     <0.05 <0.05 0.54 
  Protein 31.48 0.25   31.77 0.68     30.26 2.54   31.28 1.08     0.45 0.33 0.67 
  Lipids 48.95 6.67   36.94 1.8     53.25 5.2   34.71 2.63     <0.05 0.70 0.25 
  Energy (kj) 21.86 0.43   26.27 0.23     23.51 1.4   26.8 1.41     <0.05 0.10 0.37 
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Lipids and energy retention (Table 3) were significantly affected by lipid levels (P<0.05), 
while protein retention was neither affected by lipid level nor protein content. Fish fed low 
lipid diets displayed higher lipid retention than those fed high lipid diets. The inverse was 
observed for energy retention since fish fed high lipid diets ingested higher amounts of 
lipids. 
In the muscle, activity of the enzymes involved in the protein catabolism (ALAT, 
ASAT and GDH) was not significantly affected by the dietary treatments (Table 4). In the 
liver, ASAT activity was significantly lower in fish fed low lipid diets than in those fed high 
lipid diets (P<0.05). The activity of HAD in either the liver or muscle was not affected by 
the protein or lipid level in the diet. FAS was significantly affected by both protein and lipid 
levels. FAS activity was higher in fish fed low lipid level and the highest dietary protein. 
PFK in the muscle was mainly affected by lipid level and ranged from 836.9 (48/17) to 
1150.9 mUI/mg protein (48/4) (Table 4). 
 
Table 4 - Effect of the different dietary protein:lipid ratios on Senegalese sole enzyme activity (mU/mg protein) after 
114 days (Mean values and standard deviations (n=6)) 
 HAD, 3-hydroxyacyl CoA dehydrogenase , ALAT, alanine aminotransferase, ASAT, aspartate aminotransferase, GDH, glutamate 
dehydrogenase, FAS, Fatty acid synthethase and PFK-1, Phosphofructokinase 1 
2.5 - Discussion  
Results of the present work demonstrated that high fat diets do not promote growth 
since Senegalese sole fed the high lipid diets had a lower growth rate, despite the similar 
energy intake of the four groups. This study confirms results from earlier studies showing 
that increasing dietary lipid levels when dietary protein content is kept constant did not 
improve growth performance in either juveniles (Borges et al., 2009) or large-sized sole 
(Valente et al., 2011). Moreover, diets containing lipid levels above 8% resulted in 
reduced growth rates in Senegalese sole juveniles (Borges et al., 2009). The contrary is 
   Dietary treatments       
 Protein Level (P) 48 54 2-ways Anova 
 Lipid Level (L) 4   17 4   17       
    
Mean SD  Mean SD Mean SD  Mean SD L P L*P 
ALAT 
Liver 563.4 212.6  686.4 200.7 576.4 206.7  684.1 191.6 0.20 0.95 0.93 
Muscle 19.26 5.15  19.45 5.9 16.08 6.18  16.43 4.6 0.91 0.19 0.97 
ASAT 
Liver 1706.4 259.4  2027.8 342.5 1729.1 182.7  2309.4 194.7 <0.05 0.16 0.22 
Muscle 131.55 18.05  140.71 51.44 137.73 25.25  124.22 30.68 0.89 0.73 0.46 
GDH 
Liver 174.7 39.3  191.3 41.8 207.7 43.3  206.5 35.9 0.66 0.18 0.61 
Muscle 1.09 0.13  1.4 0.56 1.12 0.36  1.42 0.54 0.13 0.92 0.96 
HAD 
Liver 69.07 14.21  72.52 9.59 61.05 6.86  64.69 11.77 0.44 0.09 0.98 
Muscle 6.16 2.96  6.09 1.95 6.84 2.41  6.94 1.66 0.99 0.44 0.93 
FAS Liver 0.05 0.024  0.01 0.01 0.11 0.06  0.03 0.02 <0.05 <0.05 0.78 
PFK Muscle 1150.9 156.5  836.8 200.2 1037.2 225.3  928.9 253.3 <0.05 0.91 0.27 
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observed in salmonids and most marine fish species (Company et al., 1999a, 1999b; 
Hillestad and Johnsen, 1994; Lee and Putnam, 1973). In other flatfish species the picture 
is not so clear. In juvenile (140g) (Helland and Grisdale-Helland, 1998) or commercial 
sized (1kg) halibut (Grisdale-Helland and Helland, 1998) growth performance was not 
affected by the inclusion of non-protein energy sources (lipids and carbohydrates), even 
when dietary protein was below its protein requirement (Hamre et al., 2003). In juvenile 
turbot (Caceres-Martinez et al., 1984; Regost et al., 2001) and Japanese flounder 
(Paralichthys olivaceus) (Lee et al., 2000) a decline in growth rate was observed when 
fish were fed lipid rich diets with high protein levels and a possible positive role of 
carbohydrates was suggested in Japanese flounder (Lee et al., 2003). However, Caceres-
Martinez et al. (1984) found that increasing dietary lipids with a protein level below protein 
requirement did not affect turbot growth. The present findings do not support the 
hypothesis of a protein sparing effect of dietary lipid in Senegalese sole, regardless of the 
dietary protein level. Indeed, the lowest-energy diets (devoid of fish oil addition) were able 
to promote higher growth rates than high lipid diets (high density energy diets). Despite 
the similar energy intake, most of the energy ingested by sole fed low lipid diets was 
delivered by protein and starch and even so these diets presented improved growth 
performance. As mention before low lipid diets presented higher starch content which can 
be the reason for this unexpected higher growth performance. Incorporation of high lipid 
levels in the diets for salmonids and most marine fish species is a common practice to 
improve protein retention (Cho et al., 1994; Dias et al., 1998; Hillestad and Johnsen, 
1994; Lee and Putnam, 1973). Carbohydrates can also be used to spare protein although 
in marine fish, that are mainly carnivorous, the ability to utilize this macronutrient for 
energy proposes is generally limited when compared to lipids (Stone, 2003; Wilson, 
1994). In European sea bass and gilthead sea bream data regarding efficiency of protein 
sparing by carbohydrates are contradictory, with works reporting either a significant 
protein sparing effect or no effect at all (Enes et al., 2011). The interaction between 
macronutrients is fairly well documented in fish species. A recent study in rainbow trout 
suggests that impaired glucose utilisation in carnivorous species can be dependent of 
dietary lipid level (Figueiredo-Silva et al., 2012). In Senegalese sole, protein retention was 
not influenced by either lipid or protein levels in the diet. However, nutrient gain and whole 
body composition were significantly affected by the composition of the diets. Body protein 
content and protein gain were lower in fish fed the high fat/low starch diets, regardless of 
the dietary protein level, providing additional evidences that dietary lipids do not favour 
protein accretion in Senegalese sole and that carbohydrates probably have a positive 
effect in nutrient utilisation. Further studies with adequate design are needed to assess 
the possible link between dietary carbohydrates and lipid intolerance. Overall, the results 
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support the assumption that lipids are not being efficiently used as non-protein energy 
sources, even when protein content is below the species requirement. This also could 
result from an impaired lipid absorption that would limit availability of dietary lipids for 
metabolic pathways. However, a recent study from Dias et al. (2010) suggested a high 
degree of lipid absorption in the intestine given the fact that energy digestibility of a diet 
with 55% protein and 14 % fat was approximately 93%. Data on activity of enzymes 
involved in amino acid catabolism reinforces the hypothesis of a low protein sparing effect 
of dietary lipids in Senegalese sole. Dietary amino acids can be used for protein 
deposition and growth or diverted from this pathway to serve as carbon-substrates for 
gluconeogenesis, lipogenesis, ketogenesis or energy production. When amino acids are 
not used for tissue protein synthesis they are rapidly deaminated through the combined 
intervention of transaminases such as ALAT and ASAT and glutamate dehydrogenase. In 
sea bream (Sparus aurata) hepatic ALAT appears to be sensitive to dietary protein level 
(Metón et al., 1999) and in Atlantic salmon (Salmo salar) and rainbow trout high-protein 
diets promoted stimulation of the liver ALAT (Fynn-Aikins et al., 1995; Lupiánez et al., 
1989). In Mugil capito, activity of both ALAT and ASAT increased with the increase in the 
protein content of the diet (Alexis and Papaparaskeva-Papoutsoglou, 1986). In the 
present work activity of ALAT, ASAT and GDH in the liver of sole was not affected by 
dietary protein levels. Contrarily to our expectations, the only significant change regarding 
activity of the enzymes involved in amino acid catabolism was an increase in ASAT 
activity in the liver of sole fed high lipid diets, at both protein levels tested (48 and 54% 
DM), supporting the assumption that high lipid diets do not promote protein sparing. In sea 
bream, ASAT seems to have a more prominent role in protein mobilization compared to 
ALAT, but the activity of both enzymes decreased when fish were fed with high energy 
diets, regardless of the protein level (Metón et al., 1999). In the liver of Atlantic salmon 
ASAT activity is not dependent on the type of dietary energy sources (Fynn-Aikins et al., 
1995). With the increase in aspartate transamination in the liver of sole fed the high lipid 
diets, higher concentrations of glutamate, the substrate of GDH, were expected and thus 
an elevated activity of GDH. However liver GDH activity did not respond to increased 
ASAT activity.  
Muscle tissue represents the largest body compartment and is responsible for 
most of the energy expenditure in fish. Dietary lipid content did not significantly affect the 
activity of ALAT, ASAT, and GDH in the sole muscle, although there was a significant 
negative correlation between ALAT activity in the muscle and protein gain (R=-0.73, p= 
0.01). Nevertheless, Campos et al. (2010) observed a decrease in expression of the 
myogenic regulatory factors and myosins in the muscle of Senegalese sole fed increasing 
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dietary lipid levels supporting somehow the hypothesis that high lipid levels depress 
growth by reducing protein accretion. 
Whole body lipids and energy content were significantly affected by both the lipid 
and the protein level of the diets. High lipid diets led to significantly higher lipid and energy 
whole body content of sole, confirming the effect of elevated lipid intake on whole body 
lipid accumulation widely reported in various animals. In sole, the lipid gain promoted by 
high lipid diets likely resulted from storage of dietary fat because the activity of fatty acid 
synthase (FAS), the enzyme catalysing the end-step of lipid neosynthesis, was depressed 
in the liver of sole fed the high lipid diets. The higher body fat content observed in sole fed 
the high lipid diets reinforce the assumption that dietary lipids are effectively absorbed 
once digested. However, lipid retention was significantly lower with the 17% fat diets than 
with the 4% lipid diets regardless of dietary protein levels, suggesting that part of dietary 
fat supply was diverted towards other pathways. Despite the general belief that high 
protein diets may promote high lipid deposition in fish (Dias et al., 1998; Figueiredo-Silva 
et al., 2009; Lupiánez et al., 1989), in the present study lipid gain and whole body lipid 
content were the highest in sole fed the high lipid-low protein diet, suggesting metabolic 
disturbances when high fat levels are combined with high protein levels in the diet. 
The low activity of FAS suggests a marginal contribution of de novo synthesis of 
lipid for the increment of body lipid content. This could be related to the fact that in sole, 
as in other flatfish, the capacity to store fat is limited. However, FAS activity was found to 
be highly sensitive to the composition of nutrient intake. The highest value was found in 
the liver of sole fed the low fat-high protein diet. The inhibition of FAS by increasing levels 
of dietary lipids is a well-documented phenomenon in several species (Arnesen et al., 
1993; Dias et al., 1998; Likimani and Wilson, 1982) including Senegalese sole (Dias et al., 
2004). Dias et al. (2004) showed that a diet with 21 % fat lead to a reduced specific 
activity of FAS compared to a diet with 11% fat. We should also consider that high fat 
diets contained a greater amount of n-3 polyunsaturated fatty acids that have been proved 
responsible for decreasing the activity of some lipogenic enzymes, including FAS (Teran-
garcia et al., 2007). In the present study, the higher level of dietary starch in the low fat 
diets could have further enhanced FAS activity as it has been found in rainbow trout 
(Alvarez et al., 1999) and blackspot sea bream (Pagellus bogaraveo) (Figueiredo-Silva et 
al., 2009), where digestible carbohydrate favoured lipogenesis. In addition, the higher 
values of FAS activity in the liver of sole fed the 54% protein diets suggests that some 
dietary amino acid could have been used as substrates for de novo lipogenesis, but with a 
marginal consequence on body lipid content.  
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The preferential sites, for lipid deposition are not quite well defined. In flatfish 
species, more than 2/3 of the lipid content appears to be located in bone, fins and brain 
(Berge and Storebakken, 1991; Borges et al., 2009; Hamre et al., 2003). Nevertheless, 
and contrarily to what is observed in other marine fishes, it seems that liver is not a 
preferential organ for lipid deposition in Senegalese sole, since hepatosomatic index and 
lipid content was not affected by dietary protein or lipid content. Moreover, viscerosomatic 
index was significantly higher in fish fed high lipid diets, showing the capacity of the 
digestive tract to accumulate perivisceral fat. Indeed, a two fold increase in intestine lipid 
content was observed previously in Senegalese sole fed diets with 16 and 20% lipid levels 
compared with 4 % lipid diets (Borges et al., 2009). 
Mitochondrial β-oxidation is the major energy producing pathway from fatty acids. 
From the cleavage of fatty acid in acetyl-CoA, with the reduction of NAD+ to NADH as part 
of the β-oxidation spiral (Rinaldo et al., 2002), ATP can be generated to supply energy 
and cover cellular energy needs. Compared to liver, white muscle has a lower enzyme 
specific activity expressed per unit tissue. However, it is worth considering data from white 
muscle for the assessment of global β-oxidation capacity due to this tissue’s large size 
(Stubhaug et al., 2005). The increase in dietary lipids or dietary protein levels did not 
change the activity of the hydroxyacyl-CoA dehydrogenase (HAD), one of the key-
enzymes of the beta-oxidation pathway, neither in the liver nor in the muscle of sole. 
Similar results were observed in rainbow trout (Oncorhynchus mykiss) from different 
genetic line (fat line vs lean line) fed high energy and low energy diets (Kolditz et al., 
2008). In haddock (Melanogrammus aeglefinus) (Nanton et al., 2003) there was no 
significant increase in the mitochondrial or peroxisomal β-oxidation activity in various 
tissues, when the dietary lipid level increased from 12 to 24%. In demersal fish such as 
sole and haddock, specific activity from β- oxidation key enzymes is lower compared to 
salmon or rainbow trout. Sole (Borges et al., 2009; Dias et al., 2004) and gadoid (Nanton 
et al., 2001, 2003) fish in general have reduced capacity to accumulate lipids. Muscle, 
which can constitute more than 50% of the whole body, is a lean tissue with no more than 
5% of fat (wet weight basis). Overall the low mitochondrial β-oxidation observed in both 
tissues (liver and muscle) likely reflects the low lipid level in these tissues. Fish fed high 
fat diets did not enhance fatty acid oxidation despite the higher whole body lipid levels and 
fat intake. The regulatory mechanisms involved in the balance between lipid intake, fatty 
acid oxidation and lipid deposition are intricate with important physiological implications 
such as obesity (Raben et al., 2003; Westerterp et al., 2008). When high lipid diets are 
chronically ingested this balance is affected, resulting in lipid accumulation and, 
consequently, health disorders (Bessesen et al., 2008; Lazar, 2005; Pi-Sunyer, 2002). 
Towards the Understanding of Senegalese sole Lipid Metabolism – CHAPTER 2 
 
 
41 
The regulatory mechanisms of lipid oxidation and deposition are still not fully understood, 
and lessons can be taken from lean models to reveal these mechanisms. The absence of 
response of HAD to the dietary levels of fat could be related to the use of carbohydrates 
substrates for energy production. 
We found that, phosphofructokinase 1 (PFK-1, EC 2.7.1.11) activity was 
significantly enhanced in the muscle of sole fed the low lipid diets, regardless of the 
dietary protein levels. As mentioned before, the formulation of 4% lipid diets was achieved 
by increasing the proportions of wheat meal and hence resulted in increased starch levels 
(Table 1). Although Dias et al. (2010) found that wheat meal had a lower energy 
digestibility compared to others ingredients tested, the up-regulation of PFK-1 activity is 
likely due to higher starch intake in 4% lipid diets. PFK-1 catalyses the formation of 
fructose-1,6-biphosphate from fructose-6-phosphate and MgATP, one of the early rate 
limiting steps of glycolysis (Mediavilla et al., 2007; Su and Storey, 1995). In omnivorous or 
herbivorous fish species, metabolic adaptations to high carbohydrate diets have been 
described (Wilson, 1994). In the wild, Senegalese sole feeds basically on benthonic 
invertebrate, such as Polychaeta larvae, bivalves, molluscs and small crustaceans 
(Cabral, 2000). However, Despite the apparent carnivorous feeding habits, Senegalese 
sole presents digestive features generally found in species with omnivorous feeding habits 
(Yúfera and Darías, 2007), i.e., residual stomach acid digestion and proteolysis and rather 
long intestine where pH is always above 6. Dias et al. (2004) reported that hepatic activity 
of glucokinase and pyruvate kinase, other two key glycolytic enzymes, were not affected 
by the inclusion of high levels of carbohydrates, irrespective of starch type, when activity 
was measured 18-20 h after the meal. Nevertheless, data obtained in the present 
experiment suggests that glucose is used as source of energy by the muscle when lipid 
supply is limited and dietary starch content high. In flounder, Lee et al. (2000, 2003) also 
suggested a possible role of carbohydrates in metabolic energy supply when dietary lipid 
level is low (7% lipid in the diets). This requires further verification through experiments 
focused on the role of carbohydrates as non-protein energy sources in flatfish. 
In conclusion, according to the results achieved so far dietary lipids do not seem a 
good energy source for promoting growth in Solea senegalensis. There is no evidence of 
a protein sparing effect by increasing dietary lipid levels, even when dietary protein level is 
lowered from 54% to 48%. Activity of enzymes involved in key metabolic pathways point 
towards a lack of metabolic adaptation to high lipid levels, reflecting the high protein 
requirement of the species. The metabolic fate of dietary lipids remains to be fully 
understood but could be linked to the competition with carbohydrates for energy supply. 
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Data suggests a possible metabolic adaptation to dietary carbohydrates in Senegalese 
sole, which contrasts with what is generally observed in Salmonids and most marine 
species. 
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3.1 - Abstract  
Dietary lipids are the major energy source for metabolic purposes in most fish 
species, and improve dietary protein utilization for growth. In a previous study we have 
reported a low tolerance of Senegalese sole juveniles to dietary lipid levels and 
suggested a maximal dietary inclusion level of 8% lipids for both optimal growth and 
nutrient utilization. The mechanisms behind this apparent poor utilization of the dietary 
lipids are still to be elucidated. The primary aim of the present study was to investigate 
the overall process of digestion and lipid absorption in relation to dietary lipid levels.  
Triplicate groups of twenty fish (mean initial weight 29 g) were fed two 
isonitrogenous diets (54% of protein dry matter basis) with different lipid levels (L4 and 
L17, 4 and 17 % lipids dry matter basis), for 88 days.  
Protein and lipid apparent digestibility coefficients as well as lipase activity were 
similar in both groups suggesting that Solea senegalensis has the ability to digest 
equally well a low fat or a high fat diet. Plasma triglycerides concentrations were 
significantly higher 5 and 16 hours after feeding in fish fed the L17 compared to those 
fed L4, following dietary lipid supply, demonstrating effective lipid absorption. Expression 
of proteins related to lipid transport (microsomal triglyceride transfer protein), trafficking 
(Fatty acid binding protein 11) and fatty acid uptake (VLDL-r) was significantly higher in 
liver of fish fed the high fat diet 16h after the meal, but remained unchanged in muscle. 
In conclusion, it seems that high fat diets do not impair lipid digestion and absorption. 
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3.2 – Introduction 
Over the past years several nutritional studies have been carried out to evaluate 
the ability of Senegalese sole (Solea senegalensis) to cope with different feed 
formulation and composition (Borges et al., 2009, 2012, Dias et al., 2004, 2010, Valente 
et al., 2011). Contrarily to most marine fish species, the ability of Senegalese sole 
juveniles to efficiently use high dietary lipid levels seems limited (less than 12 %), in both 
juveniles (Borges et al., 2009) and market size fish (Valente et al., 2011). In a previous 
work, Borges et al. (2012) evidenced that growth was not improved  by increasing 
dietary lipid levels (from 4% to 17% crude lipid), even when dietary protein levels were 
below (48%, dry matter basis) the species requirement (56%) (Rema et al., 2008). This 
study suggested a possible impairment, either in nutrient digestibility or lipid absorption 
and uptake, induced by high fat diets.  
Lipids constitute a broad group of substances with several biological functions, 
being triglycerides the largest fraction. Fatty acids are the major building blocks of 
triglycerides, playing a role as energy source for ATP production and in the intermediary 
metabolism by modulating protein expression and function. The general mechanisms 
involved in lipid digestion, absorption and transport in fish are similar to those described 
in mammals. Firstly, dietary lipids are hydrolysed in the lumen gut by pancreatic lipase to 
free fatty acids and 2-monoacylglycerol, and then emulsified with bile acids, before being 
absorbed in the enterocytes. In teleost fish, lipids are usually well digested, as confirmed 
by the apparent digestibility coefficient (ADC), often above 90%. According to several 
studies where intestine morphology and physiology were characterized (Arellano et al., 
1999, 2002, Conceição et al., 2007, Darias et al., 2011, Yúfera and Darías, 2007), 
Senegalese sole digestion and absorption seems identical to other marine species. 
Flatfish such as turbot (Koven et al., 1997, Regost et al., 2001) and halibut (Berge and 
Storebakken, 1991, Grisdale-Helland and Helland, 1998) have high lipid ADC, although, 
to our best knowledge, the effects of dietary lipid level on digestibility coefficients and 
lipase activity has never been evaluated in Senegalese sole.  
After intestinal uptake, fatty acids with less than ten carbons are soluble enough 
to enter the blood stream as free fatty acids, where they can be absorbed by lipoproteins 
or directly up taken by peripheral tissues. Fatty acids with more than 10 carbons are re-
esterified, and secreted into lymph as TAG-rich lipoproteins, chylomicrons and very-low 
density proteins.  
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Liver is considered a central organ in lipid metabolism due to its ability to 
synthesize fatty acids and lipid circulation through lipoprotein synthesis. Apolipoproteins 
(Apo) and microsome triglyceride transfer protein (MTP) are closely involved in lipid 
distribution since they are responsible for liver lipoprotein function and assembly. As 
early studies demonstrated, fish lipoproteins seem to be very identical to mammals 
(Chapman, 1980), including structural elements and the proportion of each lipoprotein 
class in plasma. Apolipoprotein AI (ApoA1) (Mooradian et al., 2004; Ruan et al., 2011) 
as well as apolipoprotein CI (ApoC1) (van der Hoogt et al., 2006) have been shown to 
be involved in adiposity and are important elements in blood lipoproteins like very-low 
density lipoproteins (VLDL) and high density lipoproteins (HDL). Once in the blood 
stream, lipoproteins, especially VLDL and chylomicrons, are progressively hydrolysed by 
lipoprotein lipase and fatty acids are delivered to peripheral tissues (Sheridan, 1988) 
such as muscle. In fatty acid active tissues, lipoprotein lipase modulates the binding of 
triglyceride-rich lipoproteins to very low density lipoprotein receptor (VLDLr), allowing 
tissue fatty acid uptake (Takahashi et al., 2003). Fatty acid binding proteins (FABPs) 
look like good candidates to investigate the effect of high dietary lipid levels in fatty acid 
active tissues like liver and muscle. FABPs are thought to facilitate the transport of fatty 
acids from the extracellular to intracellular membranes (Hanhoff et al., 2002). In cells 
nuclear membrane, fatty acids will activate cellular mechanisms by binding to nuclear 
receptors such as peroxisome proliferator-activated receptors (PPAR) (Auwerx, 1999; 
Berger, 2002; Kadowaki et al., 2001), that ultimately will activate genes related to fatty 
acid metabolism when dimerized with retinoid x receptor (RXR). 
High energy intake is the major cause of obesity in humans (Bessesen et al., 
2008; Hildreth et al., 2012) as in most teleost fish (Company et al., 1999, Hillestad, 
1998). However in lean sole (8% crude lipids, wet weight basis), increased lipid intake is 
not reflected in higher weight gain, or increased fat levels in liver and muscle, with both 
tissues exhibiting very low ability to store, catabolise or synthetize lipids (Borges et al., 
2009, Guerreiro et al., 2012a).  
The aim of the present study was to elucidate the effects of high dietary lipid level 
on lipid digestibility, absorption and transport in Senegalese sole. Lipid digestion 
capacity was evaluated through apparent digestibility coefficient (ADC) and lipase 
activity in intestine. Selected plasma metabolites (triglycerides and cholesterol) were 
measured at different postprandial time intervals (0, 5, 2, 5, 9, 12, 16h). In addition 
expression of ApoA1 and ApoC1, microsomal triglyceride transfer protein (MTP), 
peroxisome proliferators-activated receptor β (PPAR β) and retinoid x receptor (RXR) 
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Table 1 -Ingredients and proximate composition of the 
experimental diets with different lipid levels 
LT, low temperature; CPSP G, fish soluble protein concentrate 
(hydrolysed fishmeal); Lutavit C35, vitamin C; Lutavit E50, 
vitamin E; DCP, dibasic calcium phosphate;  
1 Vitamins (mg or IU kg-1 diet): vitamin A, 10000 IU ; vitamin 
D3, 2125 IU ; vitamin K3, 12.5 mg; vitamin B12, 0•025 mg; 
vitamin B1, 10 mg; vitamin B2, 25 mg; vitamin B6, 12.5 mg; 
folic acid, 12.5 mg; biotin, 0.86 mg; inositol, 300 mg; nicotinic 
acid, 85 mg; pantothenic acid, 37.50 mg;  
2 Minerals (mg kg-1 diet): Mn (manganese oxide), 25 mg; I 
(potassium iodide), 1.88 mg; Cu (copper sulfate), 6.25 mg; Co 
(cobalt sulfate), 0.13 mg;  Zn (zinc oxide), 37.5 mg; Se 
(sodium selenite), 0.31 mg; Fe (iron sulfate), 75 mg. 
 
were determined in liver 2 and 16 hours after the meal. Fatty acid binding protein 11 
(FABP11) and very low density lipoprotein receptor (VLDLr) were determined in both 
liver and muscle. 
3.3 - Material and Methods  
Two isonitrogenous diets (54% protein DM) were formulated to contain 4 (L4) 
and 17% (L17) lipids (Table 1). Increased crude lipid level was achieved by adding fish 
oil and lowering the amount of wheat meal. All ingredients were finely ground, mixed and 
pelleted dry without steaming using a laboratory pelleting machine (C-300 model; 
California Pellet Mill, San Francisco, CA, USA) with a 2.0 mm die.  
Experimental conditions 
 Experiments were directed by trained scientists (following the Federation of 
European Laboratory Animal Science Associations - FELASA category C 
recommendations) and were conducted 
according to the European Economic 
Community animal experimentation 
guidelines directive of 24 November 1986 
(86/609/EEC).  
The study was performed at the 
experimental facilities of CIIMAR, Porto, 
Portugal, with Senegalese sole (Solea 
senegalensis) juveniles supplied from a 
commercial fish farm (Coelho & Castro, 
Portugal). After arrival at the experimental 
unit, fish were acclimated to the new facilities 
for two-weeks. Homogeneous groups of 20 
fish (average initial body weight 29 ± 1.7 g) 
were distributed in eighteen white fiber glass 
tanks (50 cm length x 35 cm width). Six tanks 
were assigned for the absorption trial and 
twelve tanks for the digestibility trial. The two 
diets were tested in triplicate for the 
absorption trial but for the digestibility trial six replicates were needed to assure that the 
amount of faeces required to perform the desired analyses could be collected. Each tank 
 Dietary treatments 
 L4 L17 
 Ingredients (%)     
Fishmeal LT 30.00 30.00 
CPSP G 8.50 8.50 
Soybean meal 48 12.50 10.60 
Corn gluten 9.00 9.00 
Wheat meal 27.20 14.10 
Wheat gluten 11.80 14.80 
Fish oil  0 12.00 
Choline chloride 0.10 0.10 
Lutavit C35 0.03 0.03 
Lutavit E50 0.05 0.05 
Vit1 & Min2 Mix 0.25 0.25 
Betaine 0.07 0.07 
DCP 0.50 0.50 
Proximate composition  
Dry matter (DM, %) 91.42 92.68 
Ash (%DM) 7.64 7.37 
Crude protein (%DM) 54.41 53.87 
Crude fat 4.74 17.34 
Starch (%DM) 23.29 14.14 
Gross Energy (kJ/g DM) 21.00 23.75 
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was supplied with filtered, heated (20 ± 1 ºC) saltwater (30 ‰), at a flow rate of 1.5 L 
min-1. Water parameters (temperature, dissolved O2, salinity, pH, ammonia and nitrites) 
were monitored during the entire trial and maintained at levels within limits recommended 
for marine species. Fish were exposed to an artificial photoperiod of 12 h light. At the 
beginning and end of the experiment individual weights of fish were recorded. Fish were 
fed ad libitum by automatic feeders that distributed six to eight meals a day (24h) over a 
period of 88 days. Each day, all tanks were checked for uneaten food and feed 
distribution was adjusted based on feed losses in each tank (Borges et al., 2009).  
Absorption trial 
Three days before sampling, feed distribution was reduced to two meals a day to 
satiation (8 a.m. and 20 p.m.) to ensure that all fish would eat in the sampling day. The 
last meal before sampling was delivered in the morning (8 a.m.). Three fish per tank 
were sampled at different time intervals after feeding (0.5h, 1h, 2h, 5h, 9h, 12h and 16h) 
to analyse plasma triglycerides and cholesterol concentrations. Fish were anesthetised 
with MS-222 (200 mg/l) and blood samples were taken from the caudal vein, with 
syringes (1 ml) containing 20 µL of EDTA 2%. Plasma was obtained after centrifugation 
(5000 ×g for 5 min at 4 °C) and stored at −80 °C. A fter blood collection fish were killed 
by decapitation and intestine content was checked to assure fish have eaten. Samples 
for intestinal histological analysis were collected from three fish per tank 12h after 
feeding. Anterior part of the intestine was fixed in a 10% buffered formalin solution and 
routinely processed for embedding in paraffin. Tissue sections of 3 µm thickness were 
stained with hematoxylin and eosin (HE) and periodic acid-Schiff (PAS) to measure villi 
height and to study intestine morphology. Sixteen hours after the last meal intestines 
were sampled from three fish per tank for lipase enzyme activity.Viscera and liver from 
six fish of each tank were weighted for somatic indexes determination. Two and sixteen 
hours after the meal, liver was collected to determine ApoA1, ApoC1, MTP, VLDL-r, 
FABP11, PPARβ, and RXR mRNA expression, whereas muscle samples were used for 
VLDL-r and FABP11expression. After a fasting period of 24 h, ten fish from the initial 
stock and three fish per tank at the end of the trial were sampled and stored at -20 º for 
subsequent whole body analysis. 
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Digestibility trial 
The apparent digestibility coefficients (ADC) of the nutrients of the two diets were 
determined by the indirect method after incorporation of 1% of chromium oxide, as inert 
marker, to a grounded portion of each diet. The mixtures were then dry pelleted (C-300 
model; California Pellet Mill, San Francisco, CA, USA) through a 2 mm die. The fish used 
for the digestibility trial were fed during the 88 days following the same feeding protocol 
applied to the absorption trial. After this period fish were fed two times a day to apparent 
satiety (12 a.m. and 24 p.m.) during 15 days to adapt to the marked diets. Before faeces 
collection, fish were fed manually to apparent satiety. Between eight and a half to nine 
hours after the last meal, as required for digesta to reach the posterior intestine (Dias et 
al., 2010; Cabral et al., 2011), fish were sacrificed by a sharp blow on the head and 
dissected. The posterior intestine (from the ileocaecal valve to the anus) was identified 
and its content was carefully collected. From the six tanks assigned to each diet, faeces 
samples from each two tanks (40 individual fish) were pooled (n=3), and frozen at -20°C 
prior to analysis. 
Analytical methods 
Whole fish from each tank were grounded, pooled and moisture content was 
determined (105 ºC for 24 h). Fish were subsequently freeze-dried before further analysis.  
Feed and whole body samples were then analyzed for dry matter (105 ºC for 24 h), 
ash by combustion in a muffle furnace (Nabertherm L9/11/B170; Bremen, Germany; 
550ºC for 6 h), crude protein by automatic flash combustion (Leco FP-528, Leco, St. 
Joseph, USA; N x 6.25), lipid content by petroleum ether extraction using a Soxtherm 
Multistat/SX PC (Gerhardt, Königswinter, Germany; 150ºC), and gross energy in an 
adiabatic bomb calorimeter (Werke C2000; IKA, Staufen, Germany). Plasma triglycerides, 
total cholesterol and H-DL cholesterol were determined using commercial kits 
(SPINREACT, Girona, Spain).  
Lipase activity was determine in three equal segments of intestine (anterior, 
medium and posterior) homogenized in 15 volumes (weight/volume) of cold (4°C) distilled 
water. Lipase activity was assayed according to a spectrophotometric method slightly 
modified from Iijima et al. (1998), using p-nitrophenyl myristate (Sigma) as substrate, 
dissolved in 65.8 mM DMSO (Merck-Schuchardt; Hohenbrunn, Germany), to improve 
substrate solubilization. One unit of enzyme activity was defined as the amount of enzyme 
that catalyzed the hydrolysis of 1 µmol of substrate per minute at 30 ºC. Enzyme activity 
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was expressed per mg of soluble protein. Protein concentration was measured according 
to Bradford’s method (Bradford, 1976), using a protein assay kit (Bio Rad, München, 
Germany) with bovine serum albumin as a standard. 
For the digestibility assessment, faeces and experimental diets containing 
chromium oxide were analysed for crude protein and dry matter using the methods 
referenced above, with the exception of total lipids that were extracted according to the 
Folch et al. method (1957) with dichloromethane:methanol (2:1) as solvents, because this 
method requires a smaller amount of sample. Chromic oxide was determined according to 
Bolin et al. (1952) after perchloric acid digestion.  
The nutrients ADCs of tested diets were calculated according to Maynard et al. 
(1979) as follows: 
 
 
The histological morphometric study was made using an interactive image analysis 
system (Olympus Cell*Family), working with a live-image captured by CCD-video camera 
(ColorView Soft Imaging System, Olympus) and a light microscope (BX51, Olympus, 
Japan). Villi heights were measured from base to villus tip, in two anterior transversal 
sections of each fish. After PAS staining, goblet cells were counted in the same sections, 
and the results expressed as number of goblet cells per section.  
Total RNA samples were extracted from liver and muscle using TRIzol reagent 
(Invitrogen) according to the manufacturer's recommendations. A 1 µg sample of the 
resulting total RNA was reverse transcribed into cDNA using the SuperScript III RnaseH–
 reverse transcriptase kit (Invitrogen) and a mix of oligo and random dT primers 
(Promega) according to the manufacturer's instructions. Target gene expression levels 
were determined by real-time quantitative RT-PCR (qRT-PCR) using specific real-time 
PCR primers. With the exception of MTP, sequences were retrieved from the NCBI 
database (Table 2). For MTP sequence, BLAST similarity searches against the NCBI 
database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were performed to identify their 
orthologues in Medaka (ENSORLG00000019412), Takifugu (ENSTRUT00000035571), 
Atlantic cod (ENSGMOT00000013727), Tetraodon (ENSTNIG00000012369), Zebrafish 
(ENSDARG00000076271), Tilápia (XM_003454221) and Turbot (EY454621). Multalin 

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alignments (http://multalin.toulouse.inra.fr/multalin/) were performed and primers were 
designed against the most conserved regions of the sequences using Primer 3 
(http://frodo.wi.mit.edu/). Following amplification by polymerase chain reaction (PCR), the 
products of interest were isolated by agarose gel electrophoresis, excised and 
concentrated using Amicon Ultra-0.5 Kit (Milipore). The concentrated product was sent to 
sequencing. Afterwards, the retrieved sequence was blasted to confirm the nature of the 
amplicon and specific primers were designed (Table 2). The cDNAs were diluted 70X prior 
to using them as templates for the qPCR reactions. PCR was carried out on an iCycler 
iQ™ real-time PCR detection system (Bio-Rad, Hercules, CA, USA) using iQ™ SYBR® 
Green Supermix. Ubiquitin (UBQ) and Elongation factor 1α (EF1α) were employed as 
non-regulated reference genes for liver and muscle, respectively, as previously described 
for Solea senegalensis (Infante et al., 2008). 
 
Statistical analysis 
Statistical analyses followed methods outlined by Zar (1999). All data were tested 
for homogeneity of variances by Leven´s tests, and then submitted to one-way ANOVA or 
Mann-Whitney U test when data did not meet ANOVA requirements (homogeneity of 
variance test). Analyses were performed using IBM SPSS statistics version 19 (IBM 
Corp., New York, USA). Differences were considered significant when P≤0.05. 
  
GenBank 
accession  
Transcript 
symbol  Forward sequence Reverse sequence 
Anneling 
temperature 
    
 
FF283994 apoa1 TTGAGGCTAATCGTGCCAAA CCTGCGTGCTTGTCCTTGTA 63ºC 
    
 
FF286365 apoc1 CGTGCTGATGCTGGCTTTTG TTGCAAACTCGCTGCTCTGG 63ºC 
    
 
KC888960 MTP TGGCACGTTACTGTGGACAT GACCTGCGTCTTCTTGCTCT 60ºC 
    
 
GU219855 PPARβ GCTCTGGAGCTGGATGATAGTG CAGCCCGGGACGATCTC 60ºC 
    
 
AB668024 RXRα CTCATCGTTCCATAGCCGTTAAAGA GCTGTTGCGGTGAACGT 60ºC 
    
 
AJ879619.2 VLDL-R CTGTGTTTGAGGACCGAGTGTT GAGCACCAGTTAGTTCCTGACA 63ºC 
    
 
AM501530.1 FABP11 ATTTGATCCTGAGCGTGGAC CGTCTGAGATCTCCCTCTCG 61ºC 
        
 
    
 
Table 2 – Primers sequence and Genbank accession number 
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3.4 - Results 
Independently of the dietary treatment all fish grew well, with fish fed the low fat 
diet (L4) reaching 59 g and fish fed the high fat diet (L17) reaching 55 g after 88 days. The 
difference in growth rate (0.8 vs 0.9) was not significant between dietary treatments, 
although p-value was very close to significance (p= 0.058). Feed conversion ratio (FCR) 
was slightly higher in fish fed the high fat diet (1.45 vs 1.33, respectively) but no significant 
differences (p= 0.254) were found between diets (Table 3). 
 
 
No diet-induced significant differences were recorded for HSI and VSI. Regarding 
whole body composition, protein was significantly affected by the dietary lipid level, with 
high fat diets leading to a lower whole body protein (19.2 vs 18.2). Whole body lipids were 
significantly highest in the group fed the high fat diet (L17) reflecting the highest lipid 
intake of fish fed this diet (Table 4). 
  
      Dietary treatments 
      L4 L17 
Growth                   
Final body weight 58.98 ± 0.95   55.44 ± 2.14   
†DGI 0.92 ± 0.05   0.84 ± 0.06   
‡FCR 1.33 ± 0.10   1.45 ± 0.10   
§PER 1.38 ± 0.11   1.29 ± 0.09   
Intake (g or kj/ kg ABW/day)          
  Dry matter   10.22 ± 0.73   10.28 ± 0.84   
  Protein   5.56 ± 0.40   5.54 ± 0.45   
  Lipids   0.48 ± 0.03 b 1.78 ± 0.14 a 
  Starch   2.38 ± 0.17 a 1.45 ± 0.12 b 
  Energy (kj) 214.63 ± 15.34   244.06 ± 19.85   
                      
Table 3- Effect of low and high fat diets in Senegalese sole growth and intake after 88 days (n=3). 
Mean values and standard deviations 
 
Table 3- Effect of low and high fat diets in Senegalese sole growth and intake after 88 days (n=3). 
Mean values and standard deviations 
DGI, daily growth index; FCR, feed conversion ratio; PER, protein efficiency ratio; ABW, average body weight. 
a-b Mean values within a row with unlike superscript letters were significantly different (P<0.05). 
†DGI = 100 x ((final body weight)1/3 - (initial body weight)1/3)/days. 
‡FCR = dry feed intake/weight gain. 
§PER = weight gain/crude protein intake. 
Nutrient intake= nutrient intake/average body weight ((initial body weight + final body weight)/2)/days. 
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Table 4 – Somatic indexes (n=18) and whole body composition (n=3) of Senegalese 
sole fed low fat and high fat diets after 88 days 
(Mean values and standard deviations) 
 
 
 
 
 
 
 
ABW, average body weight. 
WW, wet weight 
† HSI = 100 * (liver weight/body weight) (%). 
2
 VSI = 100 * (viscera weight/body weight) (%). 
a, b
 Mean values within a row with unlike superscript letters were significantly different (P<0·05). 
 
Lipase activity was not significantly different (p=0.059) between dietary treatments 
and values ranged from 18.9 (L17) to 26.7 (L4) (Table 5). The apparent digestibility 
coefficient (ADC) of protein was similar between diets (70%). Lipid digestibility was slightly 
higher in the L17 (86.9) compared to the L4 (82.6) treatment, although differences were 
non-significant (p=0.39). From the morphological study of the intestine, no histopatological 
structures could be observed. Villi height was measured for both treatments (Table 5), but 
no significant differences could be registered. Fish fed the high fat diet presented a 
significant increase in goblet cell number when compared to fish fed the low fat diet (25 vs 
67 cells per cross sectional area). 
 Table 5- Lipase activity (n=9), villi height (n=9), goblet cells 
number (n=6) and apparent digestibility coefficients (n=9) (ADC %) 
of Senegalese sole fed low and high fat diets (Mean values and 
standard deviations) 
 
 
 
 
 
 
 
a, b
 Mean values within a row with unlike superscript letters were significantly different 
(P<0.05). 
Plasma triglycerides levels were always higher in fish fed the high fat diet, with 
significant diet-induced differences five, twelve and sixteen hours after feeding (Figure 1). 
Total cholesterol (Figure 2) exhibited significant differences between the two treatments 
    Dietary treatments 
    L4   L17   
  
†HSI 1.0 ± 0.1   0.9 ± 0.2   
  VSI  2.6 ± 0.3   2.8 ± 0.1   
Whole body composition (%WW)           
  Wet weight  73.9 ± 0.1   71.9 ± 1.2   
  Ash 2.4 ± 0.2   2.5 ± 0.1   
  Protein 19.2 ± 0.3 a 18.2 ± 0.4 b 
  Lipids 4.8 ± 1.0 b 7.18 ± 0.88 a 
  
Energy (kj) 6.2 ± 0.5   7.0 ± 0.4   
                    
 L4  L17  
Lipase activity (mU/mg protein) 26.7 ± 8.6  18.9 ± 4.4  
Villi height (µm) 632.3 ± 97.6  682.1 ± 134.5  
Goblet cells number 25.3 ± 15.3 b 67.2 ± 30.1 a 
ADC (%)         
Protein  70.6 ± 6.3   69.5 ± 1.1   
Lipid 82.6 ± 4.7   86.9 ± 6.1   
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thirty minutes and twelve hours after feeding, with fish fed the high fat diet presenting 
significantly higher cholesterol plasma concentrations at those time-points. HDL-
cholesterol (Figure 3) was also higher in the plasma of fish fed the high fat diet twelve 
hours post prandial. 
 
 
 
 
 
 
 
 
 
 
 
 
Regarding gene expression in the liver (Figure 4), no significant differences were 
recorded between treatments for proteins involved in the lipid transport ApoA1 (Figure 
4A), and ApoC1 (Figure 4B) 2h and 16h after feeding. Liver MTP (Figure 4C) mRNA 
levels were similar between diets 2 h after the meal, but significantly higher in fish fed L17 
diets 16 h after the meal. We also found significantly higher expression levels of VLDL-R 
(Figure 4D) and FABP11 (Figure 4E) in the liver of fish fed L17 diets, 16h after feeding, 
but not in the muscle (Figure 5A and B). Liver PPAR β (Figure 4F) and RXR mRNA levels 
did not differ between dietary treatments irrespective of sampling time (Figure 4G). 
Figure 1– Plasma Triglycerides over 16 
hours after feeding (n=9). 
(Mean values and standard deviations) 
Figure 2 – Plasma total cholesterol over 16 
hours after feeding (n=9). 
(Mean values and standard deviations) 
Figure 3 – Plasma HDL-cholesterol over 16 
hours after feeding (n=9). 
(Mean values and standard deviations) 
* 
* 
* 
* 
* 
* 
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Figure 4 – Normalized Liver expression of ApoA1 (A), ApoC1 (B), MTP (C), VLDLR (D), FABP11 (E), PPARβ (F) 
and RXR (G) 2 and 16h after feeding. (Mean values and standard deviations (n=9)) 
 
3.5 - Discussion 
The studies conducted in Senegalense sole (Solea senegalensis) with increasing 
dietary lipid levels have consistently concluded that there are no clear benefits in feeding 
this species high fat diets (Borges et al., 2009; Guerreiro et al., 2012a; Mandrioli et al., 
2012; Valente et al., 2011). Growth data recorded in the present study confirmed these 
previous findings, although it was a short term trial. Lean fish like sole, flounder or catfish 
do not seem to cope well with high fat diets (Borges et al., 2013a, 2009; Cowey et al., 
1975; Guerreiro et al., 2012a; Page and Andrews, 1973) contrarily to salmonids (Cho et 
al., 1982, Hillestad and Johnsen, 1994, Lee and Putnam, 1973) and marine species like 
sea bream (Company et al., 1999, Santinha et al., 1999) or sea bass (Peres and Oliva-
Teles, 1999) that are able to efficiently utilize dietary lipids.  
a 
b 
a 
b 
a 
b 
A B 
E 
C D 
F 
G 
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Figure 5 – Normalized muscle expression of VLDLR (A) and FABP11 (B) 2 and 16h after feeding (n=9). 
 (Mean values and standard deviations) 
 
Until now, Senegalese sole lipid digestion capacity has only been assessed during 
larval stages. In sole larvae, maximum lipase activity was related to full development of 
the exocrine pancreas (6 to 10 days after hatching) and metamorphosis (Martínez et al., 
1999). In the present study lipase activity was not affected by dietary lipid level, confirming 
the results obtained by Morais et al. (2006) in the same species. In sea bass, lipase 
activity was not affected by dietary lipid level but dietary lipid sources induced significant 
changes in this enzyme activity: triolein compared to coconut and fish oil decreased lipase 
activity and improved digestibility (Morais et al., 2004). In adult rainbow trout, dietary fish 
oil removal lowered lipolytic activity by 2.2 (Ducasse-Cabanot et al., 2007) like in rats 
(Sabb et al., 1986). We found that Senegalese sole presented a higher lipolytic capacity 
than rainbow trout with lipase activity recorded being at least 3 times lower in rainbow 
trout irrespective of the dietary treatment. This suggests that probably lipase is not a 
limiting enzyme in Senegalese sole digestion. The absence of significant differences 
between diets in this enzyme activity also suggests that there is no adaptation of sole 
digestive system to high fat diets, contrarily to what is observed in rodents and rainbow 
trout.  
Intestinal anatomical and histological description of Senegalese sole is well 
documented (Arellano et al., 1999, 2001, 2002) but so far no study was conducted to 
evaluate the impact of macronutrients on intestinal histomorphology. In rats, high fat 
intake increased villi height and increased pancreatic lipase secretion (Sagher et al., 
1991; Spannagel et al., 1996). Nonetheless, in Senegalese sole villi height in the anterior 
part of the intestine was similar between treatments. On the other hand, goblet cell 
number was higher in the fish fed high fat diet. These cells produce the mucus layer 
overlying the intestinal epithelium, promoting the elimination of gut contents and acting as 
a barrier against physical and chemical injury caused by ingested foods and pathogens. 
An increase in goblet cells number is commonly related to high dietary fiber intake in other 
animal models (McCullough et al., 1998; Paturi et al., 2010), but in sole it seems that 
A B 
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dietary lipids can have a significant effect in these cells’ proliferation. In rats with ulcerative 
colitis it was observed that long chain polyunsaturated fatty acids (fish oil) can improve 
histological alterations, suggesting that goblet cell number increases for epithelium 
protection (Nieto et al., 2002). This could be the case in Senegalese sole but a specific 
approach must be applied to verify the hypothesis. In the present study the anterior 
intestine was selected for histological evaluation since plasma triglycerides peaked 5h 
after the meal and, as demonstrated by Dias et al. (2010), 4h after a meal 75% of the 
digesta is still found in the anterior intestine, suggesting that most of the lipid digestion 
and absorption takes place along this intestine segment. 
So far lipid digestibility was never tested in Senegalese sole. The extremely low 
fecal consistency in this species impeded the collection of faeces when using a settling 
column (Cho et al., 1982). Other methods like stripping or anal suction are also not 
applicable because of the long and S shaped intestine of this species (Yúfera and Darías, 
2007). Dissection has been successfully used for faeces collection in Senegalese sole 
(Cabral et al., 2011, 2013, Dias et al., 2010) and seems the most reliable option due to 
this species anatomical features and faeces physical properties. Nevertheless, a large 
number of fish has to be used to collect enough faeces to perform chemical analysis. The 
low fecal consistency initially leads us to hypothesize that the low ability of Senegalese 
sole to use dietary lipids could be due to low lipid digestibility and associated steatorrhea. 
In fact, we found that lipid digestibility was similar in both dietary treatments, despite the 
slightly higher lipid ADC value recorded for the high lipid diet. As observed in mouse (Petit 
et al., 2007), high lipid levels triggers several physiological mechanisms at intestinal level 
resulting in increased expression of proteins involved in absorption, trafficking and 
lipoprotein synthesis. The values found for protein digestibility are lower than expected 
when compared to the values obtained by Dias et al. (2010), but in accordance with the 
values found by Cabral et al. (2011, 2013) for the same fish species. With the continuous 
demand for ambient friendly formulations, inclusion of plant ingredients in fish diets is 
becoming a common practice (Cabral et al., 2011, 2013; De Francesco et al., 2007; 
Hardy, 2010; Parisi et al., 2004).These ingredients can affect nutrient digestibility since 
anti nutritional factors are present in higher percentage in plant ingredients (Francis et al., 
2001). Inclusion of plant protein ingredients in the present formulations could have 
contributed to the low values recorded for protein and lipid ADC. 
After being absorbed by the enterocytes, fatty acids are re-packed into 
triglycerides and are transported in chylomicrons to the liver and peripheral tissues. This is 
evident in the group fed the high fat diet (17% DM), where a triglyceride peak is detected 
F 
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5h after the meal, corresponding to fat absorption. The second triglyceride peak observed 
for both diets 16h after the meal probably corresponds to transport of fat mobilized from 
the liver. In turbot juveniles (Regost et al., 2001) triglycerides plasma levels ranged from 
150 to 250 mg/dl when fish were fed diets ranging from 10 to 25% of lipids, whereas in 
rainbow trout (Ducasse-Cabanot et al., 2007) 444 mg/dl in fish fed 10% lipid diets, 
corroborating with values found in the present paper. 
Higher total cholesterol intake is often associated with high fat diets, especially 
when the dietary lipid source is fish oil that is rich in cholesterol. Total and HDL-
cholesterol levels increased in Senegalese sole fed the high fat diet. However, total-
cholesterol was significantly higher only 0.5 and 12 h after feeding whereas HDL-
cholesterol increased significantly 12 after feeding. Contrarily to mammals, the higher 
plasma triglycerides levels observed in fish fed high fat diet did not promote HDL- 
cholesterol metabolism (Lamarche et al., 1999). There is accumulating evidence 
suggesting that triglyceride enrichment of HDL may have a significant impact on the 
metabolism of HDL particles, by predisposing HDL to more rapid clearance from the 
circulation. Consistent with the results from triglycerides plasma concentration is the over 
expression of liver MTP 16 hours after feeding in fish fed high lipid level. MTP together 
with apolipoprotein B are necessary for lipoprotein assembly and genetic disorders in any 
of these elements reveal their importance for lipoprotein assembly (Hussain et al., 2012; 
Hussain et al., 2003). Apolipoprotein (APO) C1 gene is primarily expressed in the liver 
with low expression in lung, skin, and spleen (Lauer et al., 1988). This apolipoprotein can 
be found in the plasma associated with chylomicrons, VLDL and high density lipoproteins. 
In mice overexpressing APOC1 it was observed an inhibitory effect on lipoprotein lipase, 
leading to increased plasma triglycerides levels. The effect of dietary macronutrients in 
APOC1 is still unknown, but in sole it looks like dietary lipid levels did not affect APOC1 
expression. Additionally, ApoA1 was also equally expressed in fish fed the high fat diet 
and the low fat diet. ApoA1 is the most abundant protein in high density lipoprotein and in 
mammals is controlled primarily at the transcriptional level (Mooradian et al., 2004). 
Despite the well-known anti-atherogenic function, it has been suggested that low levels of 
this protein are correlated with the development of excessive fat accumulation (Rashid 
and Genest, 2007; Ruan et al., 2011). The results presented here suggest that ApoA1 
gene expression is not nutritionally regulated in sole by dietary fat levels, at least at the 
lipid levels tested. Tingaud-Sequeira et al. (2009) suggested that in Senegalese sole the 
higher expression of these two apolipoproteins could be related to a higher VLDL and 
HDL synthesis in the ovaries. Nevertheless, in the present work no differences were 
recorded at the hepatic level.  
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Very low density lipoprotein receptor (VLDLr) belongs to the family of the low 
density proteins receptor and is particularly important in fatty acid active tissues 
(Takahashi et al., 2003). Contrarily to what is observed in mammals, fish are able to 
express in the liver small amounts of this protein, in particular the isoform lacking the O-
linked sugar domain. Nevertheless, the absence of this domain does not affect VLDLr 
ability to bind its ligands (Li et al., 2003). Interestingly, fish fed the high fat diet 
overexpressed this receptor 16 h after the meal. In knockout VLDr mice (Tacken et al., 
2000) an increased serum triglycerides level was observed as well as a reduction in whole 
body fat compared to normal mice when both were fed a high fat diet. In the same study, 
mice over expressing this receptor presented lower serum triglycerides levels under 
similar conditions. The results obtained in the present study suggests that Solea 
senegalensis liver might have an important role in clearing high plasma triglycerides that 
high fat diets lead to, since 16h after the meal VLDLr expression was higher in fish fed 
high fat diets, well in accordance with the second triglyceride peak observed at this 
sampling time. On the other hand, VLDLr muscle expression did not increased when 
plasma triglycerides increased, suggesting that this tissue does not utilize dietary lipids 
preferentially.  
After uptake, fatty acids are transported to different organelles where they can be 
used in different physiological functions. FABPs are a family of proteins ubiquously 
express in almost every animal kingdom, from vertebrates to invertebrates (Haunerl and 
and Spener, 2004). These proteins are important ligands for long chain fatty acids and 
seem to play important roles in fatty acid trafficking, transport and metabolism. Several 
types of FABPs have been identified and different tissue-specific distributions among 
them were reported (Zimmerman and Veerkamp, 2002). In Senegalese sole, Agulleiro et 
al. (2007) identified the sequence corresponding to the newly characterized FABP11. This 
FABP is only found in teleost fish (Karanth et al., 2008; Parmar et al., 2012) and was 
firstly described in antartic teleost fishes (Vayda et al., 1998), although with a different 
tissue distribution. In sole this protein is highly expressed in liver, adipocytes and ovaries, 
and to less extent in the muscle (cardiac and white), kidneys, and testicles. The effect of 
dietary lipid levels on this protein expression has never been evaluated in teleost fish, but 
in mammals, recent papers point out the importance of FABPs in preventing diet-induced 
obesity (Atshaves et al., 2010; Khalyfa et al., 2010; Terra et al., 2011). The present results 
suggest that FABP11 probably facilitates fatty acid intracellular transport and metabolism 
in the liver of Solea senegalensis, although no effects were encountered at muscular 
level, implying low fatty acid utilization. FABPs help fatty acids metabolism by targeting 
them to nuclear receptors like the Peroxisome proliferator-activated receptors (PPAR’s), 
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initiating its activation and, consequently, regulation of gene expression. PPAR β is 
related to fatty acid metabolism and recent findings propose this receptor as a new 
potential therapeutic drug to prevent high serum lipid levels or metabolic syndrome (Lee 
and Chung, 2011). As in mammals, fish PPAR β seems to be expressed in all tissues 
(Batista-Pinto et al., 2005; Ibabe et al., 2002; Leaver et al., 2005), but with special 
relevance in the liver, testis, heart, white muscle and trunk kidney. In teleost fish little is 
known regarding PPARβ nutritional regulation. In sea bream it was observed a liver 
postprandial down regulation when fish were fed diets supplemented with conjugated 
linoleic acid, which in turn coincided with lower liver mitochondrial beta-oxidation (Diez et 
al., 2007), with the opposite being observed in the muscle. Recently, it was demonstrated 
that PPARβ governs glucose utilization and lipoprotein metabolism in rats liver 
(Sanderson et al., 2010), with several pathways being down regulated in mice with 
PPARβ deletion. In the present study there were no differences between low and high fat 
treatments suggesting that, in this species, liver PPARβ expression is not directly 
controlled by dietary lipid intake. This information is corroborated by the similar expression 
in liver RXR found in the present study, a type of nuclear receptor that heterodimerize with 
PPAR and activate the expression of the target genes (Chandra et al., 2008). 
Solea senegalensis is a lean fish with a scarce capacity to accumulate fat even 
when fed lipid levels above 16% DM basis (Borges et al., 2009). The mechanisms that 
onsets obesity are multifactorial (Pi-Sunyer, 2002) and actually seems to be driven by 
natural selection. In animals that chase preys to feed, like most carnivorous fish, periods 
of fasting are common, and so mechanisms to preserve energy, like fat accumulation, are 
favored (Lazar, 2005). Nevertheless, Senegalese sole has a quite passive behavior, 
suggesting a low daily metabolic budget, and hence justifying the low fat depots. This can 
be one of the explanations for the low whole body fat content (<8%) normally found in this 
species and one of the possible explanations for the observed poor lipid utilization.  
In conclusion it seems that Solea senegalensis is able to digest well high lipid 
diets. Data provided through the present experiment demonstrated that the failure in 
growth improvement by increasing dietary lipids is not caused by impairment of lipid 
digestibility or transport. Additionally, dietary lipid supply enhanced lipoprotein clearance 
in the liver but, interestingly, not in the muscle as is generally observed in higher 
vertebrates. 
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4.1 - Abstract  
The aim of the present study was to analyse the consequences of two isoproteic 
diets with different dietary lipid/carbohydrate ratios on glucose metabolism in Solea 
senegalensis. 
Senegalese sole juveniles (29 g) were fed two isonitrogenous diets (53%) for 88 
days. The HL/LC diet contained a high lipid level (~17%) and a moderate starch content 
(~14% starch), while the LL/HC diet was devoid of fish oil (4% lipids) and had high starch 
content (~23%). 
Surprisingly, feeding Solea senegalensis the HL/LC diet resulted in prolonged 
hyperglycaemia while fish fed the LL/HC diet restored glycaemia 2 h after feeding. The 
hyperglycaemic phenotype was associated with greater glucose-6-phosphatase activity (a 
key enzyme of hepatic glucose production) and lower citrate synthase activity in the liver, 
with significantly higher liver glycogen content. Sole fed the HL/LC diet also had 
significantly lower hexokinase activity in muscle, although hexokinase activity was low 
with both dietary treatments. No differences between dietary treatments were recorded for 
muscle glycogen content. The HL/LC diet was associated with significant reductions in 
muscle AKT, p70 ribosomal S6-K1 Kinase (S6K-1) and ribosomal protein S6 (S6), 2h after 
feeding, suggesting down regulation of the AKT-mTOR nutrient signalling pathway in 
these fish. 
The results of this study show for the first time that a high level of dietary lipids 
strongly affects glucose metabolism in Senegalese sole.   
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4.2 - Introduction 
The main functions of dietary lipids are energy provision and storage in body 
compartments as energy reserves (Tocher, 2003). High levels of dietary lipids are 
incorporated in feeds for most teleost fish, to promote growth and reduce nitrogen waste 
(Cho et al., 1994). Previous studies revealed that increasing the level of dietary lipids 
above 8% negatively affected growth performance and nutrient utilisation, resulting in 
decreased protein accretion and reduced growth rate (Borges et al., 2009). It was initially 
hypothesized that results obtained might be linked to the high dietary protein level 
incorporated in the diets (56% DM). However, further research demonstrated that even 
below the dietary protein requirement, increasing dietary lipid levels did not promote better 
protein retention or growth performance (Borges et al., 2013a), despite the fact that Solea 
senegalensis can digest and absorb dietary lipids efficiently (Borges et al., 2013b). 
Surprisingly, diets with low fat content but rich in dietary starch enhanced PFK-1 activity in 
the muscle (Borges et al., 2013a), suggesting the potential use of carbohydrates as a non-
protein energy source in this species. 
There has been considerable debate over the years about the limited ability of 
carnivorous teleost fish to utilize dietary carbohydrates efficiently, combined with their 
impaired control of plasma glucose levels. (Moon, 2001). Despite having all the 
mechanisms needed to utilize dietary carbohydrates (Enes et al., 2009), carnivorous fish 
in general cannot tolerate more than 20% of dietary carbohydrates, without adverse 
effects on growth performance and feed utilization (Hemre et al., 1995; Stone, 2003). 
However, carbohydrates can be used as a valuable source of energy to some extent. No 
effects on growth performance were reported in Solea senegalensis fed 11% or 19% 
dietary carbohydrates, regardless of the nature of the carbohydrates (raw or extruded 
starch) or dietary lipid  level (11 and 21%) (Dias et al., 2004). Recently, Guerreiro et al. 
(2012b) suggested that protein content could be reduced from 55% to 45% by increasing 
dietary starch from 8.6% to 19.6%, suggesting an efficient use of carbohydrates as a non-
protein energy source in this species. However, it remains to explain what are the 
mechanisms that allow Solea senegalensis, a lean fish with low capacity to utilize or store 
dietary lipids, to achieve better growth performance when fed diets with low fat ( 4% DM 
basis) and energy content compared to fish fed high lipid diets (12-20% DM basis) 
(Borges et al., 2013a, 2009). We therefore hypothesized that the growth impairment 
observe when sole was fed high lipid levels might be linked to the lean nature of this 
species, and probably result from a metabolic disorder promoted by the interaction 
between lipids and carbohydrates, as reported in higher vertebrates (Hue and 
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Taegtmeyer, 2009; Randle, 1998). Most studies in fish species such as trout, a fat fish, 
have been focused on the relationship between dietary carbohydrates and proteins in the 
development of impaired glucose regulation (Kirchner et al., 2003, 2005). However the 
effects of dietary lipid levels in this phenomenon have been little investigated and no 
results are available regarding lean fish. 
Panserat et al. (2002) reported ten years ago that high lipid diets induced glucose-
6-phosphatase expression, contributing to the hyperglycaemia. Figueiredo et al. (2012) 
recently reported that diets with high lipid/ high carbohydrate content resulted in prolonged 
hyperglycaemia and exogenous insulin resistance in rainbow trout, similar to that 
observed in pre-diabetic mammalian subjects. Although there is no single metabolic 
aberration that precedes hyperglycaemia, the current epidemics of diabetes and obesity 
are seemingly related (Mokdad et al., 2003) and several reports point out high fat intake 
as one cause for the development of this condition in mammals (Bergman and Ader, 
2000; Ding et al., 2010; Hildreth et al., 2012; Wang et al., 2002, 2003). In carnivorous fish, 
it was initially hypothesized that hyperglycaemia resulting from a high carbohydrate intake 
was due to insulin secretion deficiency (Palmer and Ryman, 1972). However, it was later 
observed that plasma insulin levels were equal or higher than in mammals (Mommsen 
and Plisetskaya, 1991). Other possible causes suggested has been the reduced number 
of muscle insulin receptors (Planas et al., 2000) and the low affinity of glucose to its 
transporters (Díaz et al., 2007), as well as a lack of capacity to downregulate liver 
gluconeogenic pathways (Panserat et al., 2002), one milestone to achieve normal glucose 
homeostasis (Barzilai and Rossetti, 1993; Nordlie et al., 1999). In general, the low 
capacity of carnivorous fishes to utilize dietary carbohydrates is associated to high 
carbohydrate intake and not to a possible effect of dietary lipids on glucose metabolism  
The purpose of this study was to analyse the consequences of two isoproteic diets 
with different lipid/carbohydrate ratios on plasma metabolites and glucose metabolism of 
the Sole. Juveniles of Solea senegalensis were fed one of two isonitrogenous diets: the 
HL/LC diet had a high lipid level and moderate carbohydrate content (~17% lipids and 
~14% starch DM basis) while the LL/HC diet had no addition of fish oil but contained a 
high level of dietary carbohydrates (~4% lipids and ~23% of starch DM basis). At the end 
of the trial, plasma glucose, triglyceride and lactate levels were analysed at different time 
intervals after feeding. Glycogen content and key glycolytic enzymes activity were 
measured in the liver and muscle. Muscle proteins involved in the AKT-mTOR pathway 
(the major nutrient signalling pathway) were also evaluated to analyse the effects of 
dietary lipid/carbohydrate ratios.  
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LT, low temperature; CPSP G, fish soluble protein 
concentrate (hydrolysed fishmeal); Lutavit C35, vitamin 
C; Lutavit E50, vitamin E; DCP, dibasic calcium 
phosphate;  
* Vitamins (per kg diet): vitamin A, 10000 IU ; vitamin D3, 
2125 IU ; vitamin K3, 12.5 mg; vitamin B12, 0•025 mg; 
vitamin B1, 10 mg; vitamin B2, 25 mg; vitamin B6, 12.5 
mg; folic acid, 12.5 mg; biotin, 0.86 mg; inositol, 300 mg; 
nicotinic acid, 85 mg; pantothenic acid, 37.50 mg; 
† Minerals (per kg diet): Mn (manganese oxide), 25 mg; I 
(potassium iodide), 1.88 mg; Cu (copper sulfate), 6.25 
mg; Co (cobalt sulfate), 0.13 mg;  Zn (zinc oxide), 37.5 
mg; Se (sodium selenite), 0.31 mg; Fe (iron sulfate), 75 
mg. 
4.3 - Material and Methods 
Experimental diets 
Two experimental diets were formulated to contain 54% protein (DM) and two 
different levels of lipid (4 and 17% DM) and starch (14 and 23%) (Table 1). Increased 
crude lipid level was achieved by adding fish oil and lowering the amount of wheat meal, 
so that the diet with 17% lipids had lower starch content (14 % DM), than the diet with 4% 
lipid (23% DM). Ingredients and proximate 
composition are presented in table1. All 
ingredients were finely ground, mixed and dry 
pelleted (2.0 mm diameter)without steaming using 
a laboratory pelleting machine (C-300 model; 
California Pellet Mill, San Francisco, CA, USA.  
Experimental conditions 
 Experiments were conducted by trained 
scientists (following FELASA category C 
recommendations) and were carried out in 
accordance with the clear boundaries of EU legal 
frameworks, specifically those relating to the 
protection of animals used for scientific purposes 
(i.e. Directive 2010/63/EU), and under the 
Portuguese legislation regarding the protection of 
animals used for scientific purposes (Law n. º 
113/2013). The study was performed at the 
experimental facilities of CIIMAR, Porto, Portugal, 
certified for animal experiments by the Direcção 
Geral de Alimentação e Veterinária, which is the 
competent authority. 
Senegalese sole (Solea senegalensis) 
juveniles were obtained from a commercial fish 
farm (Coelho & Castro, Portugal). After arrival at 
the experimental unit, fish were acclimatised to the new facilities for two- weeks. 
Homogeneous groups of 20 fish (average initial body weight 29 ± 1.7 g) were distributed 
into six white fiber glass tanks (50 cm*35 cm) and each diet was tested in triplicate. Each 
  Dietary treatments 
 LL/HC HL/LC 
 Ingredients (%)     
Fishmeal LT 30.00 30.00 
CPSP G 8.50 8.50 
Soybean meal 48 12.50 10.60 
Corn gluten 9.00 9.00 
Wheat meal 27.20 14.10 
Wheat gluten 11.80 14.80 
Fish oil  0 12.00 
Choline chloride 0.10 0.10 
Lutavit C35 0.03 0.03 
Lutavit E50 0.05 0.05 
Vit1 & Min2 Mix 0.25 0.25 
Betaine 0.07 0.07 
DCP 0.50 0.50 
Proximate composition (%DM) 
Dry matter 91.42 92.68 
Ash 7.64 7.37 
Crude protein 54.41 53.87 
Crude fat 4.74 17.34 
Starch 23.29 14.14 
Gross Energy 21.00 23.75 
Table 1 – Ingredients and proximate 
composition of the experimental diets with 
different Lipid/carbohydrate level 
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tank was supplied with filtered, heated (20 ± 1ºC) salt water (30‰), at a flow rate of 1.5 L 
min-1. Water parameters (temperature, dissolved O2, salinity, pH and nitrogenous 
compounds) were monitored during the entire trial and maintained at levels within limits 
recommended for marine species. Fish were exposed to an artificial photoperiod of 12 h 
light. At the beginning and end of the experiment individual weights and lengths of fish 
were recorded. Fish were fed six to eight meals a day (24h) by automatic feeders over a 
period of 88 days. All tanks were monitored daily and feed distribution adjusted based on 
feed losses in each tank (Borges et al., 2009). 
Ten fish from the initial stock and three fish per tank at the end of the trial were 
sampled and stored at -20 º for subsequent whole body analysis. Three days before 
sampling, feed distribution was reduced to two meals a day to satiation (8 a.m. and 20 
p.m.) to ensure that all fish would eat on the sampling day. The last meal before sampling 
was delivered in the morning (8 a.m.). Three fish per tank were then sampled at different 
time intervals after the meal (0.5, 1, 2, 5, 9, 12 and 16h after feeding). Fish were 
anaesthetised with MS-222 (200 mg/l) and precautions were taken to minimize suffering. 
Blood samples were taken from the caudal vein using syringes (1 ml) containing 20 µL 
EDTA 2% and plasma was obtained after centrifugation (5000 ×g for 5 min at 4°C) and 
stored at −80°C pending analysis of glucose, lactat e and triglyceride levels. After blood 
collection, fish were killed by decapitation and intestine contents were examined to check 
whether they had eaten. Whole livers and samples from the anterior part of the white 
muscle were collected five hours after feeding to determine glycogen content, and two 
and sixteen hours after feeding for enzyme activity and western blot analyses. All samples 
were frozen in liquid nitrogen immediately after dissection and kept at –80°C.  
Analytical methods 
Whole fish from each tank were ground, pooled and moisture content was 
determined (105 ºC for 24 h). Fish were subsequently freeze-dried before further analysis. 
Feed and whole body samples were analysed for dry matter (105 ºC for 24 h), ash by 
combustion in a muffle furnace (Nabertherm L9/11/B170; Bremen, Germany; 550ºC for 6 
h), crude protein by automatic flash combustion (Leco FP-528, Leco, St. Joseph, USA; N 
x 6.25), lipid content by petroleum ether extraction using a Soxtherm Multistat/SX PC 
(Gerhardt, Königswinter, Germany; 150ºC) (feed and whole body samples only), and 
gross energy in an adiabatic bomb calorimeter (Werke C2000; IKA, Staufen, Germany).  
Liver and muscle glycogen levels were determined following the method of Keppler 
et al. (1974). Hexokinase (HK; EC 2.7.1.1) and glucokinase (GK; EC 2.7.1.2) activities 
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were determined as previously described (Panserat et al., 2002) and PFK-1 (EC 2.7.1.11) 
tissue homogenization and activity determined as described in Borges et al. (2013a). To 
assess citrate synthase and glucose-6-phophatase activities, tissues were homogenized 
by ultrasonic disruption in 9 vol of ice-cold buffer containing 50 mmol/l Tris (pH 7.6), 5 
mmol/l EDTA, 2 mmol/l 1,4-dithiothreitol, and a protease inhibitor cocktail (Sigma, St. 
Louis, MO; P-2714). The homogenate was centrifuged, and the supernatant was used 
immediately for enzyme assays. Citrate synthase (CS; EC 4.1.3.7) was measured 
according to Singer et al. (1990) by following the reduction of DTNB at 412 nm. G6Pase 
was measured according to Alegre et al. (1988), monitoring the increase in absorbance 
(NADH production) using glucose dehydrogenase (Sigma) in excess as the coupling 
enzyme. One unit of enzyme activity was defined as the amount of enzyme that catalysed 
the hydrolysis of 1 µmol of substrate per minute under the specified conditions. Enzyme 
activities were expressed per mg of soluble protein. Protein concentration was measured 
according to Bradford’s method (Bradford, 1976), using a protein assay kit (Bio Rad, 
München, Germany) with bovine serum albumin as standard. 
For Western blotting, individual muscle samples (300 mg) were homogenized on 
ice with an Ultraturrax homogenizer in 9 vol of buffer containing 150 mmol/L NaCl, 10 
mmol/L Tris, 1 mmol/L EGTA, 1 mmol/L EDTA (pH 7.4), 100 mmol/L sodium fluoride, 4 
mmol/L sodium pyrophosphate, 2 mmol/L sodium orthovanadate, 1% Triton X-100, 0.5% 
NP-40-IGEPAL and a protease inhibitor cocktail (Roche, Basel, Switzerland). 
Homogenates were centrifuged for 15 min at 12,000g and the resulting supernatants 
stored at −80 °C. Protein concentrations were deter mined using the Bio-Rad protein 
assay kit (BIO-RAD, Hercules, CA, USA). Protein lysates (40 µg of protein) were 
subjected to SDS–PAGE and Western blotting using anti-IR, anti-phospho-AKT, anti-
phospho-S6K1 and anti-phospho-S6. After washing, membranes were incubated with an 
IRDye infrared secondary antibody (Li-COR Inc. Biotechnology, Lincoln, NE, USA). Bands 
were visualized by Infrared Fluorescence using the Odyssey® Imaging System (Li-COR 
Inc. Biotechnology, Lincoln, NE, USA) and quantified by Odyssey infrared imaging system 
software (Application Software, version 1.2). Gels were then stripped and total protein 
forms and B tubulin were quantified to normalize protein expression.  
Statistical analysis 
Statistical analyses followed methods outlined by Zar (1999). All data were tested 
for homogeneity of variances by Leven´s tests, and then submitted to a one-way ANOVA 
at each sampling point or by two-way ANOVA with time and diet as independent 
variables. When diet x time interactions were significant (P≤0·05), individual means were 
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compared using Tukey’s test. All data was analysed using IBM SPSS statistics version 19 
(IBM Corp., New York, USA). Differences were considered significant when P<0.05. 
4.4 - Results 
Data on weight gain, feed efficiency, nutrient intake and gain and whole body 
composition of Solea senegalensis fed the two diets for 88 days are presented in Table 2. 
Weight gain and daily growth index were similar with both dietary treatments, although 
sole fed the LL/HC diet reached a slightly higher final weight than those fed the HL/LC 
diet. Protein and energy intake were similar between treatments but, as a consequence of 
the different feed formulae, lipid and starch intake was significantly different (p<0.05). 
Table 2- Effect of a low lipid/high carbohydrate or a high fat/low carbohydrate diet in Senegalese sole 
growth, intake and nutrient gain and whole body composition after 88 days. 
 (Mean values and standard deviations (n=3)) 
      Dietary treatments 
  
 
  LL/HC HL/LC 
Growth                   
Weight Gain 29.76 ± 1.63  26.40 ± 2.1   
Daily Growth Index (DGI) 0.92 ± 0.05   0.84 ± 0.06   
Feed efficiency (FE) 0.75 ± 0.06  0.69 ± 0.05   
Intake (g or Kj/Kg/day)                 
  Protein   5.56 ± 0.40   5.54 ± 0.45   
  Lipids   0.48 ± 0.03 b 1.78 ± 0.14 a 
  Starch   2.38 ± 0.17 a 1.45 ± 0.12 b 
Gain (g/Kg/day)                   
  Protein   1.67 ± 0.04 a 1.09 ± 0.08 b 
  Lipids   0.32 ± 0.14   0.50 ± 0.10   
Whole body composition (%WW)               
  Protein   19.22 ± 0.27 a 18.16 ± 0.35 b 
  Lipids   4.80 ± 1.02 b 7.18 ± 0.88 a 
a-b Mean values within a row with unlike superscript letters were significantly different 
(P,0·05). 
DGI, daily growth index; FE, feed efficiency; ABW, average body weight. 
DGI = 100 x ((final body weight)1/3 - (initial body weight)1/3)/days. 
FE = weight gain / dry feed intake.  
Nutrient intake = nutrient intake/average body weight ((initial body weight + final body 
weight)/2)/days. 
 
As expected, fish fed the HL/LC diet had a higher lipid intake than those fed the 
LL/HC diet (1.78 vs 0.48), whereas the opposite was recorded for starch intake (HL/LC= 
1.45 and LL/HC= 2.38). Protein gain was significantly higher in fish fed the LL/HC diet and 
no significant differences were recorded for lipid gain, although the value was slightly 
higher in fish fed the HL/LC diet. In accordance with protein and lipid gain, whole body 
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protein was higher in the LL/HC diet compared to the HL/LC diet and the inverse was 
recorded for whole body lipid gain. 
Two-way ANOVA was conducted to examine the effects of dietary treatment and 
postprandial time on triglyceride (Fig.1A), glucose (Fig.1B) and lactate (1C) plasma 
concentrations. In general, there was a significant interaction between the effects of 
dietary treatment and postprandial time for all three parameters analyzed. Plasma 
triglyceride levels were higher in the HL/LC than in LL/HC treatments, although diet-
induced differences were only significant 5 and 16h after the meal. Glucose plasma levels 
peaked between 1 and 2 hours after feeding. .The HL/LC diet resulted in a persistent 
elevated plasma glucose level from 1h until 5h after feeding, while glucose levels 
decreased one hour after reaching the peak in fish fed the LL/HC, although they had 
ingested a larger amount of carbohydrates. Despite the interaction observed, lactate 
plasma levels did not present any differences between treatments due to wide individual 
variations. 
 
 
Figure 1. Postprandial plasma triglycerides (A), glucose (B) and lactate (C) of fish fed a low lipid/high carbohydrate 
or a high fat/low carbohydrate diet for 88 days (n=9). 
 
bc 
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Figure 2. Liver and Muscle glycogen of fish fed a low lipid/high carbohydrate or a high fat/low carbohydrate diet 
(n=9). 
Liver glycogen content (Fig. 2A) was significantly higher in fish fed the HL/LC diet, 
while glycogen levels in the muscle (Fig. 2B) were not affected by dietary treatments. GK 
and HK activity in liver (Table 3) were similar, irrespective of dietary treatment. On the 
other hand, G6Pase activity was significantly higher in fish fed the HL/LC diet compared to 
those fed the LL/HC diet, whereas CS was down-regulated. Muscle HK activity was 
significantly higher in fish fed the LL/HC diet compared to those fed the HL/LC diet. 
Muscle PFK and CS activity was similar between treatments. 
Table 3- Liver enzyme activity of Hexokinase (HK), Glucokinase (GK), Glucose-6-phosphatase (G6Pase) and Citrate 
synthase (CS) and muscle HK, phosphofructokinase-1 (PFK-1) and CS 16h after feeding a low lipid/high 
carbohydrate or a high fat/low carbohydrate diet for 88 days. Results are expressed as means (mU/mg protein) ± 
s.dev. (N=9) and were analysed by ANOVA (p≤0,05). 
 
  
  
  
    LL/HC   HL/LC   
Liver 
HK 1.2 ± 0.89 
 
2.56 ± 1.92 
 
GK 6.98 ± 4.61 
 
10.41 ± 2.99 
 
G6Pase 39.79 ± 7.66 b 50.17 ± 3.94 a 
CS  26.77 ± 15.56 b 13.99 ± 5.07 a 
          
Muscle 
HK 1.98 ± 0.7 a 1.4 ± 0.36 b 
PFK-1 539.95 ± 378.06 
 
687 ± 191 
 
CS  17.783 ± 4.7245 
 
15.99 ± 4.38 
 
 
No significant differences were found regarding muscle IR content (Fig. 3A), 
irrespective of dietary treatment or sampling time. AKT phosphorylation status (Fig. 3B) 
was increased approximately 2-3 fold 2 h after feeding by the LL/HC diet, although no 
differences were noted in the total AKT content. Sixteen hours after feeding, AKT 
phosphorylation status with the LL/HC diet decreased to values close to those with the 
HL/LC diet. For both S6K1 (Fig. 3B) and S6 (Fig. 3C), there was a significant interaction 
between the effects of dietary treatment and postprandial time. The results clearly 
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demonstrate that this pathway was more active 2h after feeding than sixteen hours after 
feeding, and phosphorylation status of these proteins were clearly increased 2h after 
feeding in the LL/HC diet. 
 
 
 
  
Figure 3 - Insulin receptor (IR- A) levels and Akt (B), S6K1 (C) and S6 (D) phosphorylation status in muscle of 
Senegalese sole fed a low lipid/high carbohydrate or a high fat/low carbohydrate diet for 88 days (n=6). Results are 
expressed as the ratio between total protein amount and reference protein (β-tubulin) for IR and ratio between 
phosphorylated form and total form for the remaining proteins. Data was analyzed by two way ANOVA (p0,05). 
Gels were loaded with 40µg total protein per lane. 
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4.5 - Discussion 
The decrease in dietary lipids/carbohydrates ratio (LL/HC diet) promoted higher 
protein gain and a slight increase in growth when compared to the high fat/low 
carbohydrate diet (HL/LC diet). Between our first report (Borges et al., 2009) until now, 
several studies have reported lower or similar growth performance in Solea senegalensis 
juveniles fed high lipid diets compared to low lipid diets, with no benefits in growth 
performance following the inclusion of fat as a non-protein energy source (Borges et al., 
2013a; Dias et al., 2004; Guerreiro et al., 2012a; Valente et al., 2011). By contrast, in 
other carnivorous species, high fat diets have been reported to promote better growth 
(Dias et al., 1998; Hillestad and Johnsen, 1994; Lee and Putnam, 1973; Vergara et al., 
1996), although mostly owing to increased fat deposition. In the sole, the HL/LC diet also 
increased whole body fat content, but decreased whole body protein and protein gain, as 
in previous studies where similar lipid levels were tested (Borges et al., 2013a, 2009; 
Guerreiro et al., 2012a). Plasma triglyceride levels reflected the difference in lipid content 
of both diets. Five hours after the meal the HL/LC diet resulted in a higher plasma 
triglyceride level than the LL/HC diet, which seems to be the peak of lipid absorption in 
this species (Borges et al., 2013b). Compared to lipids, the use of carbohydrates as 
energy source in teleost fish is limited (Enes et al., 2011; Stone, 2003; Wilson, 1994). It 
was recently reported that dietary protein could be reduced from 55% to 45% through an 
increase in dietary starch level at high lipid levels (16%), suggesting good use of 
carbohydrates in this species. In the present study, the LL/HC diet led to better overall 
growth performance. Despite having a starch level slightly higher than the recommended 
level for carnivorous species (less than 20% ), fish fed this diet reestablished glucose 
plasma levels two hours after feeding. On the other hand, the HL/LC diet resulted in the 
typical hyperglycemic phenotype of fish fed carbohydrates, despite supplying a lower 
amount of starch than the LL/HC diet. Increasing lipid content to promote a protein sparing 
effect has become common practice in fish nutrition, although, several authors have 
reported that high lipid diets can also induce hyperglycaemia (Cheng et al., 2006; 
Figueiredo-Silva et al., 2012; Hemre and Sandnes, 1999; Hutchins et al., 1998). However, 
there are few studies linking dietary fat intake to carbohydrate metabolism in fish species. 
The development of the hyperglycemic phenotype observed in fish fed the HL/LC 
diet might have been due to dietary lipid content, as these fish regulated plasma glucose 
homeostasis less efficiently than fish fed the LL/HC diet (higher starch intake/lower lipid 
intake). These results are in general accordance with the situation in higher mammals, 
where dietary fat intake and high plasma triglyceride levels result in impaired glucose 
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tolerance (Bergman and Ader, 2000; Massillon et al., 1997; Winzell and Ahrén, 2004). In 
addition to the higher plasma glucose levels, the HL/LC diet affected liver glycogen 
content. Glycogen content in mammals can vary as much as two-fold during the day, 
increasing from breakfast, the lowest point, until 4-5 hours after dinner (Wise et al., 1997). 
In the present study, 5 hours after the meal the HL/LC diet resulted in increased liver 
glycogen content associated with hyperglycaemia, as also previously reported in rainbow 
trout (Figueiredo-Silva et al., 2012; Panserat et al., 2002) and sea bream (Metón et al., 
1999) . The pathways involved in this phenomenon do not seem to be regulated in the 
same way as in higher vertebrates, since in the latter hyperglycaemia is accompanied by 
lower glycogen levels (Kusunoki et al., 2002).  
Regulation of gluconeogenesis (endogenous glucose production) and glycolysis is 
coordinated so that when one of the pathways is active the other is relatively inactive. The 
liver participates in blood glucose homeostasis by this means, switching between glucose 
storage and consumption (energy production) and glucose production according to 
metabolic state. When glucose is uptake, it is phosphorylated and enters either the 
glycolysis or glycogen synthesis pathway. In Solea senegalensis, liver glucokinase 
activity, the first step of glycolysis, was similar with both treatments, whereas G6Pase (last 
step of glucose production) was up-regulated in fish fed the HL/LC diet, contributing to the 
hyperglycaemia. Gluconeogenesis in Solea senegalensis fed high protein/low starch diet 
was up-regulated compared to low protein/high starch diet and this was attributed to the 
macronutrient composition of the diet (Guerreiro et al., 2012b). In studies in rainbow trout 
where a possible interaction of dietary lipids on glucose utilization was evaluated, high 
lipid diets did not cause such a clear G6Pase response (Figueiredo-Silva et al., 2012; 
Panserat et al., 2002). In contrast to the results obtained in the present study, protein 
intake was significantly greater with low fat diets, probably inducing G6Pase up-regulation 
(Kirchner et al., 2005). 
Moreover, the activity of mitochondrial citrate synthase was lower in the HL/LC 
group than in the LL/HC group, suggesting that oxidative phosphorylation in the liver was 
less active in fish fed HL/LC diet. It was observed in zucker rats that liver citrate synthase 
and oxygen consumption were similar in obese and lean individuals (Flamment et al., 
2008). However, recent findings have shown that impaired oxidative phosphorylation 
mechanisms in muscle mitochondria might be responsible for insulin resistance and 
consequently hyperglycaemia (Bruce et al., 2003; Mogensen et al., 2007; Ørtenblad et al., 
2005).  
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In brown trout (Salmo trutta), white muscle is the main tissue responsible for 
glucose disposal after carbohydrate intake, although only 50% of glucose is uptake 10h 
after feeding (Blasco et al., 1996), in contrast to the 85% uptake in mammals only two 
hours after feeding (DeFronzo et al., 1981). It was also observed in brown trout that, 
despite the low hexokinase activity, most of the glucose taken up was phosphorylated. In 
the present study, hexokinase was up-regulated in sole fed the LL/HC diet but no 
significant diet-induced effects were found for PFK-1 or citrate synthase. Borges et al. 
(2013a) reported that PFK-1 activity, one of the early rate-limiting steps of glycolysis 
(Mediavilla et al., 2007; Su and Storey, 1995), was up-regulated in fish fed low fat diets, 
particularly at low protein levels, in which the dietary starch level was high. The disparity 
between the results can be attributed to the lower starch levels in the present work as well 
as for the distinct sampling time (6h vs 16h in the present study), resulting in an 50% 
reduction in the activity of this enzyme (~550 vs ~1000 mU/mg protein). In contrast to the 
liver, muscle citrate synthase activity was not affected by the dietary treatments. As stated 
earlier, several studies have reported mitochondrial oxidative dysfunction in subjects with 
impaired glucose tolerance and insulin resistance, although down-regulation of citrate 
synthase activity was only detected in in vitro myocyte culture (Ørtenblad et al., 2005).  
Despite the lack of significant difference in muscle glycogen content, the HL/LC 
diet reduced levels of phosphorylated AKT, S6K1 and S6. It is well known that AKT,  
S6K1 and S6 can be activated by amino acids (Hinault et al., 2004; Nobukuni et al., 2005; 
Seiliez et al., 2008), however in the present study protein intake was similar in both diets, 
suggesting depression of the this major nutrient and the insulin signalling pathway in the 
fish fed the HL/LC diet. The insulin receptor (Ir) level was similar with both diets, but 
downstream events were up-regulated, suggesting a higher level of interaction between Ir 
and its ligand (insulin or insulin growth factor 1). There are several similarities in insulin 
receptors in fish and in mammals (Planas et al., 2000), and similar responses are 
triggered upon ligand-receptor interaction (Polakof et al., 2011b, 2010; Seiliez et al., 
2011b). The receptor-ligand interaction is the beginning of a network of possible 
responses that depend on the crosstalk between pathways. According to Taniguchi et al. 
(2006), AKT is at a critical node in the insulin signalling pathway. After upstream activation 
(insulin receptor (IR)/ insulin receptor substrate), AKT phosphorylation can initiate the 
signalling of the family of proteins involved in cytoskeletal re-organization that is required 
for the translocation of the glucose transporter GLUT4, promoting greater glucose uptake. 
The higher level of AKT phosphorylation observed with the LL/HC diet compared to the 
HL/LC diet, led to downstream activation of S6K1 and S6, the major indicators of the 
mTOR (nutrient) signalling cascade, which is involved in growth and nutrient sensing. 
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Although not conclusive, the observed impaired glycaemia regulation may be due to 
defective signalling of skeletal muscle insulin in the HL/LC group, explaining to some 
extent the lower protein gain in fish fed this diet. In Solea senegalensis, apart from IGF 
findings (Funes et al., 2006), there are no studies relating insulin and carbohydrate 
utilization, but it seems that carbohydrates may be a valuable source of energy in 
Senegalese sole at low dietary fat levels. Unfortunately, insulin quantification was not 
possible and even in other species there is still controversy regarding insulin quantification 
(Caruso and Sheridan, 2011). The development of a method to detect fish insulin remains 
the main goal to obtain a more precise picture regarding glucose intolerance in 
carnivorous fish. 
Previous studies in Solea senegalensis have demonstrated growth impairment and 
lower protein accretion in fish fed high fat diets. Our study sheds some light on this 
subject, by demonstrating a lipid/carbohydrate interaction in the major glucose regulatory 
pathways. In conclusion, HL/LC diets affect glucose metabolism by increasing 
endogenous glucose production, leading to hyperglycaemia. Evidence obtained from 
muscle supports the theory that this might be due to an insulin resistance state, as 
observed in higher vertebrates, as levels of several major proteins involved in the insulin 
and nutrient signalling pathway were reduced in fish fed the high fat diet. On the other 
hand, the Sole seems to cope well with high dietary starch levels at low lipid levels. 
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5.1 - Abstract  
A growth trial was conducted to test the growth potential and nutrient utilization of 
Senegalese sole fed diets with increasing substitution of supplemental fish oil (FO) by 
vegetable oil (VO) blends. Triplicate groups of twenty Senegalese sole juveniles (12g) 
were fed to satiation over a period of 12 weeks with 6 extruded diets containing 570 g 
protein/kg DM and 90 g lipid/kg DM. Two blends of VO were tested (A and B) with two FO 
substitution rates 50% (VO50A and VO50B) and 100% (VO100A and VO100B). A 
concomitant replacement of 50% fish meal and 50% FO (VO50PP), and a control diet 
(CTR) containing only FO, were also evaluated.  
After 12-weeks feeding the dietary treatments did not affect growth performance 
and final body composition. Muscle eicosapentaenoic acid (EPA) was reduced in all 
treatments compared to CTR, but docosahexaenoic acid (DHA) was only reduced in the 
VO50PP group. FO substitution led to a general increase of muscle linoleic acid (18:2 n-6, 
LOA) with VO50PP inducing maximal levels (15% vs 6% in FO diet). Lipogenic enzymes 
(FAS, ME and G6PD) as well as long chain fatty acid elongation (elov5) and desaturation 
(∆4 desaturase) were not affected by dietary treatments. Results suggest that Senegalese 
sole can cope with high levels of VO without compromising growth performance or 
nutrient utilization. Despite differences in muscle fatty acid profile, fish fillet had good 
nutritional value. 
Keywords: Fatty acid elongation, fatty acid desaturation, fish oil replacement; lipogenesis. 
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5.2- Introduction 
Polyunsaturated fatty acids (PUFA) are particularly important to promote optimal 
growth and health of farmed fish (Sargent et al., 2002). Fish oil (FO) has been used by the 
aquaculture industry as a major source of energy and dietary essential fatty acids (EFA). 
Aquaculture uses approximately 90% of all FO produced globally and production will soon 
be surpassed by its demand for diet formulation (Tacon and Metian, 2008). Thus, FO 
substitution by alternative lipid sources is imperative for the aquaculture industry due to 
increasing FO prices (Turchini et al., 2009) and limited supplies from fisheries, since 
stocks of marine pelagic fish are a finite resource (FAO, 2012). 
A cost-effective and more sustainable alternative to fish oil are vegetable oils (VO), 
which are generally rich in monounsaturated fatty acids (MUFA) and linoleic acid (18:2 n-
6, LOA) (Mourente and Bell, 2006; Torstensen et al., 2005), but relatively poor sources of 
α-linolenic acid (18:3 n-3, ALA), with the exception of linseed oil (LO), and completely 
devoid of n-3 PUFA (20:5 n-3, eicosapentaenoic acid (EPA) and 22:6 n-3, 
docosahexaenoic acid (DHA)) (Turchini et al., 2009). However, the fatty acid profile varies 
among VO sources: soybean oil (SO) is very rich in LOA, rapeseed oil (RO) in MUFA and 
LO has a very high content of ALA, contrary to almost all other plant sources. Blending 
different VO sources can partially correct the individual fatty acid deficiency of each oil, 
mimicking FO relative proportion of each fatty acid class (saturated fatty acids (SFA), 
MUFA and n-3 PUFA) to obtain a more balanced VO blend (Francis et al., 2006; 
Torstensen et al., 2005), though without long chain fatty acids like arachidonic acid (20:4n-
6, ARA), EPA and DHA. Several studies on the partial substitution of FO reported the 
absence of negative effects on growth performance and feed efficiency in marine 
carnivorous species (Fountoulaki et al., 2009; Martins et al., 2011; Mourente and Bell, 
2006) even at complete FO substitution (Leaver et al., 2008; Montero et al., 2005; 
Torstensen et al., 2005), provided that EFA requirements are met (especially through fish 
meal inclusion). 
Fatty acid metabolism is modulated by the dietary fatty acid profile. Fatty acid 
synthetase (FAS) activity can be decreased according to PUFA content of the diet as well 
as the dietary lipid level (Alvarez et al., 2000; Arnesen et al., 1993; Figueiredo-Silva et al., 
2010). Since the sequential condensation steps performed by FAS require NADPH, 
enzymes like malic enzyme (ME) and glucose 6 phosphate dehydrogenase (G6PD), that 
produce this reducing element, have great relevance in fatty acid metabolism (Dias et al., 
1998). LOA and ALA have to be provided by the diet, since vertebrates lack ∆12 and ∆15 
desaturases (Tocher, 2003; Wallis et al., 2002). Theoretically marine fish are able to 
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elongate these last fatty acids, since ∆6 and ∆5 activity has been described in salmonids 
and other marine species (Hastings et al., 2004; Li et al., 2010; Zheng et al., 2004). 
However, it seems that feeding habits and PUFA availability dictates the activity of these 
enzymes. The ability to convert ALA to the long chain n-3 highly unsaturated fatty acids 
(DHA and EPA) depends greatly on the enzymatic capacity of fatty acid elongases (Elov) 
and desaturases in vivo, which in turn seems to be linked to the evolutionary history of the 
species and its relation with the habitat-specific food web structures (Castro et al., 2012). 
The dietary substitution of FO is a challenging process in marine species because they 
have a low ability to bioconvert LOA and ALA into long chain PUFA, resulting in a dietary 
requirement for ARA, EPA and DHA (Tocher, 2003; Tocher, 2010) which are essential to 
promote high growth performance and feed efficiency. DHA and EPA are essential fatty 
acids playing several biological roles, acting as important elements for the fluidity of 
cytoplasmic membranes and as precursors of eicosanoids, which are involved in 
inflammatory response (Von Schacky, 2006). Furthermore, differences in fatty acid profile 
from FO and VO diets will affect muscle fatty acid content because this tissue reflects the 
dietary fatty acid profile (Glencross, 2009; Montero et al., 2005; Mourente and Bell, 2006). 
Fish is the main dietary source of DHA and EPA for humans and these fatty acids are best 
known for preventing cardiovascular and inflammatory diseases (Kris-Etherton et al., 
2003; Williams, 2000). Consequently, there is a legitimate concern about a possible loss 
of health beneficial effects for humans, when replacing FO, rich in EPA and DHA, by VO’s 
which lack these fatty acids. 
Senegalese sole (Solea senegalensis) is a flatfish of high commercial value in 
Southern Europe and a very promising candidate for marine farming and efforts to 
establish this species nutritional requirements have been made in the last years (Dinis et 
al., 1999; Imsland et al., 2003). Borges et al. (2009) suggested a low dietary lipid level 
(<12%) for optimal growth and nutrient utilization by Senegalese sole juveniles due to this 
species low lipid tolerance. Additionally, this species has a relatively low dietary 
requirement for DHA and EPA as suggested by the negligible amounts of DHA required 
for optimal larvae growth (Villalta et al., 2008, 2005). Nonetheless, a ∆4 desaturase (with 
∆5 activity for the n-3 fatty acids) and an Elov5 with the potential to synthetize DHA from 
EPA have recently been cloned and functionally described in Senegalese sole (Morais et 
al., 2012).  
The aim of the present study was to evaluate the potential of Senegalese sole to 
cope with sustainable vegetable oil-based diets without compromising growth, nutrient 
utilization and flesh nutritional value for human consumption. In order to achieve this goal, 
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Senegalese sole juveniles were fed diets with 50% and 100% supplemental FO 
substituted by different vegetable oil blends, a diet with concomitant replacement of 50% 
fish meal and 50% FO (VO50PP) and a control diet (CTR) containing only FO over a 12-
week growth study. Furthermore, plasma metabolites and tissue lipid deposition were 
assessed and related to liver lipogenic enzymes activity (FAS, ME, G6PDH) and FA 
bioconversion (gene expression of Elov5 and ∆4 desaturase). 
5.3 - Material and Methods 
The experiment was directed by trained scientists (following FELASA category C 
recommendations) and was conducted according to the European Economic Community 
animal experimentation guidelines Directive of 24 November 1986 (86/609/EEC). 
Experimental diets 
Six isonitrogenous (57% dry matter, DM), isolipidic (9% DM) and isoenergetic (21 
KJ/g) experimental diets were formulated (Table 1). Control diet (CTR) containing 2.5% of 
supplemental fish oil was compared with diets where 50 (VO50A – 15% rapeseed oil 
(RO): 10% soybean oil (SO): 25 % linseed oil (LO); VO50B – 15% RO: 35% LO) and 
100% (VO100A 30% RO: 20% SO: 50% LO; VO100B- 40% RO: 60% LO) of 
supplemental fish oil was replaced by vegetable oil. Two practical blends of vegetable oils 
were selected on the basis of their availability and specific fatty acid composition. Blend A 
represents a mixture of three vegetable oils (RO, SO and LO) widely available in the 
market and commonly used by the feed industry. It provides a low supply of linoleic acid 
(SO), a moderate supply of oleic acid (RO) a high supply of n-3 fatty acids non LC-PUFA 
(LO). With Blend B, the inclusion of a large part of n-6 fatty acids derived from SO was 
eliminated. Finally a diet (VO50PP) with a concomitant replacement of 50% fish oil by 
blend A and 50% fish meal by a mixture of plant protein sources (pea, soycomil PC, 
potato protein concentrate, corn and wheat gluten) was formulated without major changes 
in dietary protein and fat content. This diet was further supplemented with selected 
crystalline indispensable amino acids and mono-calcium phosphate to avoid any essential 
amino acids or mineral imbalances. All diets were formulated to obtain balanced levels of 
SFA, MUFA and PUFA mimicking those of fish oil (Table 2). Ingredients were finely 
grounded, mixed and pelleted dry without steaming using a laboratory twin-screw extruder 
with a 2.0 mm die (SPAROS, Portugal). The diets were dried at 37ºC for 24h and stored 
(4 ± 1˚C) until use. 
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Table 1. Ingredients and proximate composition of the experimental diets. 
   Dietary treatments 
 CTR VO50A VO50B VO100A VO100B VO50PP 
Feed ingredients (%)       
Fishmeal 70 LT 24.50 24.50 24.50 24.50 24.50 8.00 
Fishmeal 60 27.00 27.00 27.00 27.00 27.00 13.00 
CPSPa 5.00 5.00 5.00 5.00 5.00 5.00 
Squid meal 5.00 5.00 5.00 5.00 5.00 5.00 
Pea  - - - - - 11.50 
Soycomil PC - - - - - 4.00 
Soybean meal 12.50 12.50 12.50 12.50 12.50 9.80 
Potato concentrate - - - - - 2.50 
Wheat gluten - - - - - 4.30 
Corn gluten - - - - - 7.50 
Aquatex G2000b   11.00 11.00 11.00 11.00 11.00 8.90 
Wheat meal 10.00 10.00 10.00 10.00 10.00 8.80 
Fish oil 2.50 1.25 1.25 0.00 0.00 3.00 
Rapeseed oil - 0.37 0.37 0.75 1.00 0.90 
Soybean oil - 0.25 - 0.50 - 0.60 
Linseed oil  0.63 0.88 1.25 1.50 1.50 
Soy lecithin 0.50 0.50 0.50 0.50 0.50 0.50 
Vitc & Min Premixd 1.00 1.00 1.00 1.00 1.00 1.00 
Di-calcium phosphate - - - - - 2.50 
L-Lysine - - - - - 0.50 
DL-Methionine - - - - - 0.20 
Binder 1.00 1.00 1.00 1.00 1.00 1.00 
Proximate composition       
Dry matter (DM, %) 91.11 90.94 91.12 92.83 92.79 91.07 
Ash (% DM) 13.46 13.44 13.59 13.46 13.21 10.62 
Crude protein (% DM) 56.84 57.05 57.40 56.81 56.98 56.72 
Crude fat (% DM) 8.67 8.70 8.70 9.39 8.57 10.45 
Gross energy (kJ/g DM) 20.57 20.59 20.68 20.29 20.26 21.59 
a Soluble fish protein hydrolysate (75% crude protein). 
bAquatex G2000 - Dehulled grinded pea grits: 24% CP, 0.4% CF, SOTEXPRO, France. 
c Vitamins (mg, mcg or IU/kg diet): Vitamin A (retinyl acetate), 20.000 UI; vitamin D3 (DL-cholecalciferol), 2000 UI; vitamin 
E (Lutavit E50), 100 mg; vitamin  K3 (menadione sodium bisulfitete), 25 mg; vitamin B1(thiamine hydrochloride), 30 mg; 
vitamin B2 (riboflavin), 30 mg; calcium pantothenate, 100 mg; nicotinic acid, 200 mg; vitamin B6 (pyridoxine 
hydrochloride), 20 mg; vitamin B9 (folic acid), 15 mg; vitamin B12 (cyanocobalamin), 100 mcg; vitamin H (biotin), 3000 
mcg; vitamin C (Lutavit C35), 1000 mg; inositol, 500 mg; colin chloride, 1000 mg; betaine (Betafin S1), 500 mg. 
d Minerals (mg or %/kg diet): Co (cobalt carbonate), 0.65 mg; Cu (cupric sulphate), 9 mg; Fe (iron sulphate), 6 mg; I 
(potassium iodide), 0.5 mg; Mn (manganese oxyde), 9.6 mg; Se (sodium selenite), 0.01 mg; Zn (zinc sulphate) 7.5 mg; 
Ca (calcium carbonate), 18.6%; KCl, 2.41%; NaCl, 4.0 %.  
Growth Trial 
The study was conducted at the experimental facilities of CIIMAR, Porto, Portugal. 
Experimental animals (Senegalese sole juveniles) were supplied by a commercial fish 
farm (Coelho & Castro, Lda). After arrival at the experimental unit fish were acclimated to 
the new rearing facilities for two-weeks. Triplicate groups of 20 fish (average initial body 
weight of 12.0 ± 0.14 g) per treatment were distributed among 18 fiber glass tanks (50 cm 
x 35 cm; initial fish density 1.37 kg/m2). Each tank was supplied with filtered and heated 
(20 ± 1 ºC) seawater (33 ‰), at a flow rate of 1.5 L min-1. Critical physical and chemical 
parameters (temperature, dissolved O2, salinity, pH and nitrogenous compounds) were 
monitored during the entire trial and maintained at levels within limits recommended for 
marine species. Fish were exposed to an artificial photoperiod of 12 h light: 12 h dark and 
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Table 2. Fatty acid composition (g/100 g total fatty acids) of the experimental diets. 
  Dietary treatments 
 CTR VO50A VO50B VO100A VO100B VO50PP 
C14:0 4.53 3.63 3.65 2.69 2.64 2.71 
C16:0 18.71 16.53 16.37 14.66 14.60 13.47 
C18:0 4.33 4.18 4.22 4.19 4.16 3.47 
Σ SFA 29.09 26.01 25.60 23.17 23.04 22.54 
C16:1 5.94 4.53 4.59 3.28 3.11 3.67 
C18:1n9 14.50 17.90 18.39 22.38 22.25 19.25 
C20:1 0.90 5.64 7.66 10.05 9.61 8.79 
C22:1n9 2.28 2.31 2.31 2.07 2.10 1.17 
Σ MUFA 19.95 27.79 30.09 36.19 35.58 31.96 
C18:2n6 (LOA) 7.48 11.12 10.02 15.03 15.15 20.16 
C18:3n3 (ALA) 2.84 2.68 2.62 2.63 3.00 2.82 
C20:2 0.24 1.21 1.17 0.61 0.19 0.15 
C20:4n6 (ARA) 1.24 1.02 1.01 0.81 0.77 0.66 
C20:5n3 (EPA) 10.92 7.71 7.87 4.79 4.64 7.07 
C22:5n6 0.29 0.14 0.23 0.17 0.17 0.12 
C22:5n3 (DPA) 1.50 1.21 1.23 0.87 0.85 0.81 
C22:6n3 (DHA) 9.92 7.66 7.79 5.59 5.58 5.69 
Σ PUFA 35.65 33.59 32.70 30.38 30.48 38.20 
       
Σ n-3 25.19 19.26 19.51 13.88 14.07 16.19 
Σ n-6 10.46 14.33 13.19 16.50 16.41 22.01 
n-3/n-6 2.41 1.34 1.48 0.84 0.86 0.74 
DHA/EPA 0.91 0.99 0.99 1.17 1.20 0.81 
EPA/ ARA 8.93 7.64 7.92 5.97 6.08 10.79 
Σ SFA (Saturated fatty acids), include 15:0, 17:0, 20:0, 21:0, 22:0, 23:0 
Σ MUFA (Monounsaturated fatty acids) include 14:1, 17:1, 18:1 n7, 24:1 
Σ PUFA (Polyunsaturated fatty acids), include 22:4 
were fed by automatic feeders 24 h a day (6 to 10 meals/day). Each day, all tanks were 
monitored to be certain that all feed was eaten. Whenever uneaten food remained in the 
bottom of the tank, the total amount of feed distributed was reduced by 10% until no feed 
losses were recorded. This procedure was followed for each tank individually (Borges et 
al., 2009). 
At the start of the experiment and after a fasting period of 24 h, all fish were 
individually weighed (g), measured (cm) and 10 fish from the initial stock were sampled 
and stored at -20 ºC for subsequent whole body composition analysis. All fish sampled 
were anesthetized with MS-222 (100 mg/L) and killed by decapitation. 
At the end of the trial all fish were weighed (g) and measured (cm). After a fasting 
period of 14 hours 3 fish per tank were sampled for blood and liver. Blood was collected 
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from the caudal vein using heparinized syringes and then centrifuged (2000 x g for 10 min 
at 4°C). Plasma was stored at -80 ºC until plasma m etabolites determination. Liver was 
removed and immediately frozen in liquid nitrogen and stored at -80 ºC, pending 
measurements of enzyme activity and gene expression. Dorsal muscle and liver were 
removed from 4 fish per tank, frozen in liquid nitrogen and stored at -80 ºC for lipid 
analysis. For subsequent whole body composition analysis, another 4 fish per tank were 
sampled and stored at -20 ºC. The liver and viscera weight of fish sampled for enzyme 
activity and lipid analysis were recorded and the hepatosomatic and viscerosomatic index 
were calculated. 
Analytical methods 
Whole fish from each tank were ground, pooled and moisture content was 
determined (105 ºC for 24 h). Fish were subsequently freeze-dried before further analysis. 
Feed and whole body samples were analyzed for ash by combustion in a muffle furnace 
(Nabertherm L9/11/B170, Bremen, Germany; 500 °C for  5 h), crude protein (N×6.25, Leco 
N analyser, Model FP-528, Leco Corporation, St. Joseph, USA), crude lipid content by 
petroleum ether extraction (Soxtec™ 2055 Fat Extraction System, Foss, Hilleroed, 
Denmark) and gross energy in an adiabatic bomb calorimeter (Werke C2000 basic, IKA, 
Staufen, Germany). 
Samples of muscle and liver from 4 fish per tank were pooled for total lipid 
determination. Tissue total lipid extraction was carried out following the method described 
by Folch et al. (1957) with dichloromethane-methanol (2:1) and gravimetric determination. 
Fatty acid methyl esters (FAME) were prepared by transmethylation using boron trifluoride 
(Sigma Aldrich St. Louis, MO, USA) according to Shanta and Ackman (1990) and 
analysed in a Shimadzu GC-2010 gas chromatograph with a flame ionization detector 
(Shimadzu, Columbia). The chromatograph was equipped with a CPSil 88 fused silica 
capillary column (Varian, Middelburg, The Netherlands; 50 mm x 0.25 mm internal 
diameter, film thickness 0.19 µm). Helium was the gas carrier used (120 kPa) and the 
temperature program was the following: 120ºC, for 5 min, and then increase to 220ºC at a 
rate of 3ºC/min and then held for 10 min. Injector and detector temperatures were 250 °C 
and 270 °C, respectively. The split ratio was 1:50 and the injected volume was 1.0 µl per 
sample. Each injection was performed in duplicate. FAME’s were identified by comparison 
with standard mixtures (FAME 37, Supelco, Bellefonte, PA, USA) and data were analysed 
using GC Solution software (version 2.30, Shimadzu GC solution, Shimadzu, Columbia). 
Each FAME was expressed as weight percentage of the total FAMEs represented in the 
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chromatogram: %A = (area A x 100)/(sum of all peaks areas), according to Casal and 
Oliveira (2007). 
Plasma triglycerides and total cholesterol were determined using commercial kits 
(SPINREACT, Girona, Spain). For measurement of lipogenic enzyme activities, liver 
samples were homogenized in three volumes of ice-cold buffer (0.25M sucrose, 1mM 
EDTA, 1mM dithiothreitol, 0.1mM PMSF, pH7.4) and homogenates were centrifuged at 
30000 g, at 4 ºC for 40min. On the supernatant, using spectrophotometric procedures, 
activity of glucose-6-phosphate dehydrogenase (G6PD, EC1.1.1.49) was assayed 
according to Bautista et al. (1988), of malic enzyme (ME, EC 1.1.1.40) according to Hsu 
(1982) and of fatty acid synthetase (FAS, EC 2.3.1.38) according to the methodology of 
Chakrabarty and Leveille (1969). 
Relative hepatic gene expression of ∆4 desaturase and elov5 was determined by 
quantitative real-time RT-PCR using primer sequences presented in Morais et al. (2012). 
The extraction of total RNA was performed using the Trizol reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instructions. An amount of 1 mg of total RNA 
was used for cDNA synthesis. For realtime RT-PCR assays Roche Lightcycler 480 
system was used (Roche Diagnostics, Neuilly sur Seine, France). The assays were 
performed using a reaction mix of 6 µL per sample, each of which contained 2 µL of 
diluted cDNA template, 0.12 µL of each primer (10 mM), 3.12 ml Light Cycler 480 SYBRH 
Green I Master mix and 0.76 µL DNAse/RNAse free water (5 Prime GmbH, Hamburg, 
Germany). The PCR protocol was initiated at 95°C fo r 10 min for initial denaturation of the 
cDNA and hot-start Taq-polymerase activation, followed by 45 cycles of a two-step 
amplification program (15 s at 95ºC; 40 s at 60–64ºC), according to the primer set used. 
Melting curves were systematically monitored (temperature gradient at 1.1ºC/10 s from 65 
to 94ºC) at the end of the last amplification cycle to confirm the specificity of the 
amplification reaction. Each PCR assay included replicate samples (duplicate of reverse 
transcription and PCR amplification, respectively) and negative controls (reverse 
transcriptase- and cDNA template-free samples, respectively). For the expression 
analysis, relative quantification of target gene expression was performed using the DCT 
method described by Pfaffl (2001). The relative gene expression of ubiquitin was used for 
the normalization of measured mRNAs as it did not significantly change with dietary 
treatment (data not shown). 
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Calculations 
Feed Conversion Ratio (FCR) was calculated as: dry feed intake/weight gain (g), 
and the Daily Growth Index (DGI) as: 100×[(final body weight in g)1/3−(initial body weight 
in g)1/3]/(days). The Protein Efficiency Ratio (PER) was calculated as: weight gain 
(g)/crude protein ingested (g). The nutrient gain (g or kj/kg ABWday) was calculated as: 
(Final carcass nutrient content−Initial carcass nutrient content)/average body weight 
(ABW)/days, where ABW (kg) was calculated as: (final body weight (FBW)+initial body 
weight (IBW))/2. Nutrient intake (g or Kj/ABW Kg/day) was calculated as: Nutrient or 
energy intake/ABW/days. Retention was calculated as: 100 x (FBW x final carcass 
nutrient content – IBW x initial carcass nutrient content)/nutrient intake. The 
Hepatosomatic index (HSI) was calculated as: 100×liver weight (g)/whole bodyweight (g) 
and the Viscerosomatic index (VSI) as 100×viscera weight (g)/whole bodyweight (g). 
Statistical analysis 
Statistical analyses followed methods outlined by Zar (1999). All data were tested 
for homogeneity of variances by Levene´s test (data that showed unequal variance was 
transformed to arcsine of the square root) and then submitted to a one-way ANOVA. 
When these tests showed significance, individual means were compared using Tukey 
test. When unequal variances persisted after transformation, data was submitted to the 
non-parametric ANOVA equivalent (Kruskal-Wallis test) followed by a multiple 
comparisons of mean ranks. Analyses were performed using STATISTICA 11 (StatSoft 
Inc., Tulsa, USA). Differences were significant when p<0.05. 
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5.4 - Results 
After the 12-week trial (89 days) all groups showed at least a threefold increase in 
average body weight and there were no significant differences (P ≥ 0.05) for growth 
performance, nutrient intake and utilization among dietary treatments (Table 3). Feed 
conversion ratio (FCR) was similar in all diets, with values ranging from 1.1, in fish fed 
VO50PP, to 1.2 in fish fed VO100B. Protein efficiency ratio (PER) ranged from 1.4 in fish 
fed VO50A to 1.7 in fish fed VO100A and VO50PP. The concomitant replacement of 
Fishmeal (FM) and FO led to a slight decrease on daily growth index (1.1 vs 1.2 – 1.3) 
and nutrient intake, but differences were not significant.  
Table 3. Effect of dietary treatments on Senegalese sole growth and intake after 89 days. (Mean values 
and standard deviations (n=3)) 
Dietary treatments 
  CTR VO50A VO50B VO100A VO100B VO50PP 
Growth Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD 
Initial Weight (g) 11.94 0.16 11.99 0.16 12.05 0.21 11.99 0.15 12.04 0.16 12.00 0.07 
Final Weight (g) 39.09 2.85 39.38 4.13 39.47 3.25 41.17 3.81 39.14 2.36 36.13 3.07 
Daily growth index (DGI)  1.24 0.09 1.25 0.14 1.25 0.09 1.31 0.13 1.24 0.07 1.14 0.11 
Feed conversion ratio (FCR)  1.13 0.04 1.22 0.05 1.12 0.04 1.08 0.15 1.19 0.08 1.07 0.06 
Protein efficiency ratio (PER) 1.56 0.05 1.44 0.06 1.56 0.05 1.65 0.25 1.48 0.10 1.65 0.10 
Intake (g or Kj/ABW Kg/day)            
Dry matter 13.47 1.06 14.53 1.17 13.32 0.63 13.22 1.17 14.17 1.13 12.04 0.22 
Protein 7.66 0.60 8.29 0.67 7.65 0.36 7.51 0.67 8.07 0.64 6.83 0.12 
Lipids 1.17 0.09 1.26 0.10 1.25 0.06 1.18 0.10 1.21 0.10 1.26 0.02 
Energy 277.14 21.74 299.09 24.03 275.54 13.03 268.36 23.82 287.06 22.80 259.85 4.64 
Absence of superscripts letters indicates non-significant differences between treatments (P≥0.05) 
DGI, Daily growth index = 100 x ((Final body weight)1/3 - (Initial body weight)1/3) / days 
FCR, Feed conversion ratio = dry feed intake / weight gain 
 PER, Protein efficiency ratio = weight gain / crude protein intake 
Nutrient intake = Nutrient or energy intake / average body weight (Initial body weight + Final body weight)/2/days 
Whole body protein, lipids and energy were not significantly affected by dietary 
treatments, but whole body ash content showed significant differences between groups 
with the VO50PP diet inducing the highest value (2.3%). Nutrient and energy gain and 
retention did not vary significantly (P≥0.05) among dietary treatments (Table 4). Plasma 
triglycerides (fig. 1A) and total cholesterol (fig. 1B) were similar among treatments. The 
concomitant replacement of FM and FO (VO50PP) led to a significant increase of the 
hepatosomatic index compared to the control diet (1.1 vs 0.8). There were no significant 
differences (P ≥ 0.05) between dietary treatments for viscerosomatic index (VSI) with 
values ranging from 2.1% (VO100B) to 2.5% (VO50PP). Similarly, the activities of the 
lipogenic enzymes (FAS, ME and G6PD) in the liver (figure 2) were not significantly 
affected by the dietary treatments (P ≥ 0.05). 
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Table 4. Somatic indexes, whole body composition, nutrient retention and gain of Senegalese sole fed the experimental diets 
for 89 days. (Mean values and standard deviations (n=3)) 
     
Dietary treatments 
  CTR VO50A VO50B VO100A VO100B VO50PP 
 Mean SD 
 
Mean SD 
 
Mean SD 
 
Mean SD 
 
Mean SD 
 
Mean SD 
 
Hepatosomatic index (HSI)  0.84 0.06 
b 
0.86 0.08 
ab 
0.90 0.06 
ab 
0.98 0.09 
ab 
0.93 0.06 
ab 
1.14 0.14 
a 
Viscerosomatic index (VSI)  2.32 0.25  2.16 0.18  2.15 0.02  2.27 0.15  2.13 0.17  2.49 0.40  
Whole Body composition 
(%WW)   
 
  
 
  
 
  
 
  
 
  
 
Wet weight 76.59 0.49 
 
76.34 0.46 
 
75.93 0.32 
 
76.13 0.76 
 
75.94 0.44 
 
76.57 0.55 
 
Ash 1.76 0.18 
b 
2.07 0.18 
ab 
1.74 0.16 
b 
1.82 0.06 
b 
1.89 0.14 
ab 
2.32 0.27 
a 
Protein 17.21 0.19 
 
17.21 0.57 
 
17.39 0.03 
 
17.18 0.32 
 
17.36 0.37 
 
16.43 0.32 
 
Lipids 4.76 0.51 
 
4.79 0.40 
 
5.20 0.15 
 
5.18 0.53 
 
5.08 0.32 
 
5.15 0.80 
 
Energy (Kj/g) 5.58 0.33  5.53 0.19  5.79 0.03  5.77 0.20  5.72 0.26  5.53 0.43  
Retention (% feed intake)                   
Dry matter 21.39 0.67 
 
20.13 0.80 
 
22.45 0.64 
 
23.26 4.41 
 
21.10 1.81 
 
22.63 1.91 
 
Protein 27.13 0.56 
 
25.11 1.76 
 
27.57 0.87 
 
28.68 5.04 
 
26.01 2.15 
 
26.71 1.40 
 
Lipids 58.50 6.90 
 
54.47 4.36 
 
60.79 2.78 
 
66.41 15.54 
 
61.14 8.45 
 
57.66 12.49 
 
Energy (Kj/g) 25.63 2.41  23.44 0.96  27.08 1.03  28.70 5.43  25.55 2.96  25.58 3.94  
Gain (g or Kj/ABW 
Kg/day)   
 
  
 
  
 
  
 
  
 
  
 
Dry matter 2.88 0.20 
 
2.92 0.14 
 
2.99 0.17 
 
3.04 0.31 
 
2.98 0.15 
 
2.72 0.26 
 
Protein 2.08 0.13 
 
2.07 0.09 
 
2.11 0.10 
 
2.13 0.18 
 
2.09 0.13 
 
1.82 0.12 
 
Lipids 0.68 0.10 
 
0.69 0.06 
 
0.76 0.05 
 
0.77 0.12 
 
0.74 0.06 
 
0.73 0.16 
 
Energy 70.91 7.09 
 
69.94 2.70 
 
74.56 3.16 
 
76.18 7.41 
 
73.04 6.11 
 
66.53 11.03 
 
Initial body composition was: Moisture = 78.18 %; Ash = 2.15 %; Protein = 16.81 %; Lipids = 2.57 %; Energy = 4.76 Kj/g 
Different superscript letters indicate significant differences between treatments (P<0.05) 
HSI, Hepatosomatic index = 100 x (liver weight / body weight), % 
VSI, Viscerosomatic index = 100 x (viscera weight / body weight), %  
Retention = 100 x (FBW x final carcass nutrient content – IBW x initial carcass nutrient content) / nutrient intake 
Nutrient gain = (nutrient in final carcass - nutrient in initial carcass)/average body weight/ day 
Fatty acid profiles of the diets varied among treatments (Table 2). The saturated 
fatty acid (SFA) fraction was lowest for the concomitant replacement of FO and FM, 
mainly due to a lower concentration of palmitic acid (16:0). On the other hand, 
monounsaturated fatty acid (MUFA) fraction was higher in VO diets (especially at 100% 
FO substitution), which had the highest levels of oleic acid (18:1n9) due to rapeseed oil 
inclusion. Polyunsaturated fatty acids (PUFA) (predominant class) levels were highest in 
VO50PP diet mostly due to a higher concentration in linoleic acid (18:2n-6) from soybean 
oil and plant protein sources. As expected the CTR diet had the highest levels of EPA and 
DHA among experimental diets.  
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Figure 1. Plasma triglycerides (A) and cholesterol (B) 14 hours after feeding (n=9). 
 
 
Table 5 shows that liver lipids tended to increase with FO substitution (6.4-10.3% 
WW), with fish fed VO100A recording the highest value. The differences were not 
significant due to large individual variations in some groups. MUFA settled as the 
predominant class in fish fed VO50PP, VO100A and VO100B (36% - 38%), mainly due to 
the higher content of oleic acid (18:1n-9) present in these diets (21% - 23%). On the other 
hand, PUFA were the predominant lipid class (34-36%) in the liver of fish fed CTR, 
VO50A and B diets (Table 5).  
. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Hepatic specific activity (mU/mg protein) of malic enzyme (A), glucose-6-phosphate dehydrogenase (B) 
and fatty acid synthetase (C) 14 hours after feeding (n=9). 
 
 
A B 
A B 
C 
Towards the Understanding of Senegalese sole Lipid Metabolism – CHAPTER 5 
 
93 
Table 5. Fatty acid composition (g/100 g total fatty acids) of Senegalese sole liver. 
 
 Dietary Treatments 
  CTR VO50A VO50B VO100A VO100B VO50PP 
Tissue total lipids 
(%WW) 6.43 1.46 
 6.79 1.47  7.41 3.17  10.26 3.06  7.94 1.29  9.20 2.11  
C14:0 3.69 0.92  3.68 0.47  3.53 1.18  5.01 1.00  4.44 0.83  4.95 0.77  
C16:0 20.34 2.38  18.08 0.16  18.63 0.61  19.99 3.39  18.41 1.40  19.16 1.65  
C18:0 6.58 1.22  6.62 1.10  5.84 0.18  5.57 0.41  5.30 0.21  4.82 0.42  
Σ SFA 32.39 2.76  30.16 0.27  29.69 1.60  31.80 4.52  29.48 1.90  30.02 2.15  
C16:1 5.42 1.23  4.23 0.72  4.52 1.25  5.08 0.91  4.27 0.76  5.74 1.01  
C18:1n9 16.44 3.19  16.94 0.44  17.80 4.41  22.58 3.06  21.28 3.11  22.61 1.18  
C20:1 0.40 0.04 b 3.03 0.36 a 3.12 0.44 a 3.06 0.77 a 4.04 0.43 a 3.01 0.56 a 
C22:1n9 0.49 0.09 b 1.52 0.09 a 1.76 0.32 a 1.93 0.59 a 2.28 0.07 a 1.94 0.41 a 
Σ MUFA 27.42 5.38  29.19 0.09  31.65 6.34  37.70 4.10  35.94 2.72  37.48 2.66  
C18:2n6(LOA) 6.63 1.05 c 10.13 0.57 abc 8.99 0.39 bc 12.18 3.23 ab 12.97 1.32 ab 14.03 1.54 a 
C18:3n3(ALA) 1.28 0.19  1.25 0.12  1.53 0.44  2.09 0.47  1.99 0.35  1.69 0.35  
C20:4n6(ARA) 2.87 1.09  2.87 0.16  2.68 1.01  1.60 0.59  2.11 0.32  1.17 0.35  
C20:5n3(EPA) 1.48 0.43 a 0.89 0.10 ab 0.78 0.28 ab 0.27 0.11 c 0.35 0.09 bc 0.28 0.07 c 
C22:5n3(DPA) 4.78 1.68 a 4.16 0.49 ab 3.48 0.54 abc 1.48 0.54 cd 1.96 0.59 bcd 1.39 0.48 d 
C22:6n3(DHA) 17.84 4.17  15.37 1.47  15.37 5.69  7.59 2.84  9.80 1.14  8.36 1.48  
Σ PUFA 36.06 6.34  35.79 2.46  33.83 7.38  26.37 8.02  30.49 3.66  27.92 3.73  
Σ n-3 25.37 5.94 a 21.50 1.69 ab 20.88 5.72 ab 11.26 3.72 b 14.11 2.11 ab 11.44 1.90 b 
Σ n-6 4.06 1.31  4.17 0.20  4.02 1.25  2.74 0.93  3.41 0.46  2.45 0.45  
n-3/n-6 6.41 0.87 a 5.15 0.16 ab 5.26 0.30 ab 4.13 0.08 b 4.15 0.09 b 4.77 0.32 ab 
DHA/EPA 12.69 3.79 c 17.35 0.20 bc 19.82 3.78 bc 28.59 1.93 ab 28.32 3.73 ab 30.73 5.66 a 
EPA/ ARA 0.55 0.22 a 0.31 0.02 ab 0.30 0.04 ab 0.17 0.01 b 0.17 0.02 b 0.24 0.04 ab 
Values are Mean ± SD (n=3 except for VO50A which is n=2) 
Different superscripts letters indicate significant differences between treatments (P<0.05) 
Σ SFA (Saturated fatty acids) include 10:0, 15:0, 17:0, 20:0, 21:0, 23:0  
Σ MUFA (Monounsaturated fatty acids) include 17:1, 18:1 n7, 24:1 
Σ PUFA (Polyunsaturated fatty acids) include 22:4, 22:5n6, 20:2 
Fat content varied from 2.4 to 4.1% W/W with fish fed VO50A presenting the 
highest value (Table 6). Muscle fatty acid (FA) profile of fish fed the experimental diets, 
show PUFA as the predominant class (37-41%), mainly because of its high content in 
LOA (18:2n-6) and DHA, followed by MUFA (24-32%) and SFA (26-28%).  
ALA (18:3n-3) values were not significantly affected by FO and FM substitution 
both in muscle and liver, although in muscle ALA values slightly decreased with VO 
inclusion while in liver there is an opposite trend. LOA and DHA/EPA ratio values 
increased in both tissues with increasing VO inclusion and with the concomitant 
replacement of FO and FM. Arachidonic acid (ARA) muscle content was significantly 
decreased in fish fed VO50PP compared to CTR diet while in the liver there were no 
significant differences between treatments, although VO50PP group displayed the lowest 
liver ARA values (1.2%). EPA levels significantly (P<0.05) decreased with increasing FO 
substitution and with the concomitant replacement of FM and fish oil in muscle and 
liver.VO50PP diet significantly decreased (P<0.05) DHA in muscle, however muscle DHA 
levels remained generally high (14-20%) among all treatments. Nevertheless, n-3 PUFA 
levels in muscle (22–31%) were generally high. Fish fed CTR diet showed a significantly 
higher n3/n6 ratio (P<0.05) in muscle when compared to other groups, whereas in liver 
the n3/n6 ratio was only significantly lower (P<0.05) in groups with total FO substitution 
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(VO100A and B). The level of EPA+DHA per 100mg of muscle was identical among 
dietary treatments. 
 
Table 6. Fatty acid composition (g/100 g total fatty acids) of Senegalese sole muscle. 
 Dietary Treatments 
  CTR VO50A VO50B VO100A VO100B VO50PP 
Tissue total 
lipids(%ww)  2.81 0.27 
 4.08 1.41  3.06 0.28  3.00 1.48  3.11 0.71  2.41 0.23  
C14:0 1.90 0.40  1.65 0.60  1.71 0.13  1.54 0.13  1.62 0.34  1.92 0.44  
C16:0 18.20 0.63 a 17.86 0.33 ab 17.42 0.27 ab 17.29 0.22 ab 17.19 0.33 ab 17.02 0.20 b 
C18:0 6.56 0.37  6.66 1.23  6.43 0.36  6.25 0.35  6.14 0.43  5.73 0.91  
Σ SFA 28.07 0.71  28.11 0.87  27.20 0.37  26.46 0.37  26.56 0.24  25.78 1.17  
C15:1 0.69 0.17  0.59 0.23  0.71 0.12  0.47 0.11  0.53 0.01  0.53 0.16  
C16:1 3.44 0.47  2.90 0.88  2.69 0.23  2.43 0.48  2.37 0.17  2.97 0.62  
C18:1n9 15.11 0.63 c 16.49 1.32 bc 16.74 0.54 bc 18.40 0.67 ab 18.76 0.56 a 17.84 0.60 ab 
C20:1 0.82 0.15  2.87 0.91  3.56 0.24  4.64 0.33  5.13 0.55  4.69 0.86  
Σ MUFA 24.18 1.24 b 27.87 2.63 ab 28.80 2.04 ab 30.24 1.53 a 31.52 1.63 a 30.05 1.77 a 
C18:2n6(LOA) 6.45 0.15 b 9.05 0.81 ab 9.25 1.80   ab 11.17 0.59 ab 12.12 0.12 ab 15.31 0.87 a 
C18:3n3(ALA) 1.26 0.14  1.04 0.03  0.98 0.14  1.07 0.26  1.07 0.22  0.88 0.32  
C20:4n6(ARA) 1.96  0.21 a 1.83 0.27 a 1.77 0.34 a 1.58 0.11 ab 1.63 0.19 ab 1.09 0.13 b 
C20:5n3(EPA) 4.18 0.20 a 2.91 0.06 b 2.76 0.25 b 1.83 0.11 c 1.88 0.12 c 2.08 0.21 c 
C22:5n3(DPA) 5.23 0.33 a 4.79 0.08 ab 4.85 0.23 ab 3.67 0.24 c 3.68 0.32 c 4.31 0.37 bc 
C22:6n3(DHA) 20.47 0.69 a 19.03 2.94 ab 18.67 2.23 ab 16.36 2.18 ab 16.22 1.50 ab 13.97 2.18 b 
Σ PUFA 38.85 3.73  40.73 2.51  40.16 2.18  37.45 2.14  38.70 1.96  39.77 1.96  
Σn-3 30.14 2.07 a 28.23 2.78 ab 27.65 2.33 ab 23.16 2.05 b 23.30 1.55 b 21.96 2.54 b 
Σn-6 9.19 0.06 b 11.78 0.38 ab 11.86 1.45 ab 13.52 0.17 ab 14.57 0.36 ab 17.17 0.65 a 
n-3/n-6 3.31 0.22 a 2.40 0.31 b 2.39 0.33 b 1.72 0.15 c 1.60 0.07 c 1.27 0.16 c 
DHA/EPA 4.87 0.42 b 6.56 1.14 ab 6.76 0.24 ab 8.77 1.11 a 8.69 1.04 a 6.70 0.52 ab 
EPA/ ARA 2.25 0.39 a 1.62 0.28 ab 1.64 0.27 ab 1.18 0.12 b 1.18 0.14 b 1.89 0.19 a 
EPA+DHA (g/100 flesh) 0.69 0.07  0.83 0.31  0.66 0.10  0.53 0.23  0.57 0.15  0.39 0.07  
 
Values are Mean ± SD (n=3 except for VO50A which is n=2) 
Different superscripts letters indicate significant differences between treatments (P<0.05) 
Σ SFA (Saturated fatty acids) include 10:0, 17:0, 20:0, 23:0  
Σ MUFA (Monounsaturated fatty acids) include 14:1, 17:1, 18:1 n7, 22:1 n9, 24:1 
Σ PUFA (Polyunsaturated fatty acids) include 22:4, 20:3n3, 2 
As illustrated in figure 3, liver ∆4 desaturase (A) and elov5 (B) expression did not 
increase significantly in the fish fed the high fish oil substitution, with relative gene 
expression in all treatments being identical to control group. 
 
 
 
 
Figure 3. Relative gene expression of delta 4 desaturase (A) and elongase 5 (B) 14 hours after feeding (n=9). 
A B 
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5.5 - Discussion 
Nowadays, fish oil shortage and decreasing fish stocks impels research to find 
new feedstuffs to provide alternative protein and lipid sources, without compromising fish 
health and growth. Taking into consideration that to produce fish we have to use more 
wild fish than the produced, we can easily understand the efforts put into this subject, 
especially towards fish oil substitution, where from 1 tonne of wild fish we can only yield 
50 kg of fish oil (5%) (Tacon and Metian, 2008).  
Data obtained in the present study show that total replacement of supplemental 
fish oil by a blend of rapeseed (RO), soybean (SO) and linseed (LO) oils (A) or a blend 
without soybean oil (B) as well as the concomitant replacement of 50% fish oil and 
fishmeal (FM) by a blend of vegetable oils (VO) and plant protein sources did not affect 
growth performance (FBW and DGI) and feed efficiency (FCR and PER) of Senegalese 
sole. However, fishmeal supplied most of dietary fat in the present diets, providing close 
to 70% of total dietary fat content in VO50 and VO100 diets and close to 30% in 
VO50PP diet. Fishmeal fatty acid profile resembling to that of fish oil, possibly 
contributed to the good growth performance of all test diets by meeting EFA 
requirements, even in the diets devoid of supplemental fish oil. The slightly lower growth 
observed with VO50PP seems to be more related to the lower protein intake in fish fed 
this diet rather than to the level of fish oil substitution. Previous studies on other species, 
described the possibility to replace up to 60% of dietary FO by a VO blend (Izquierdo et 
al., 2003; Mourente and Bell, 2006) or 70% of FO by LO (Martins et al., 2011) without 
detrimental effects on growth provided that EFA requirements are met. Furthermore, 
Fountoulaki et al. (2009) observed that it was possible to feed gilthead sea bream 
(Sparus aurata L.) with a low FM diet (15%) with high inclusion of plant protein sources, 
while substituting up to 70% of fish oil by single vegetable oils such as soybean and 
rapeseed oils without affecting growth performance or feed utilization. This was also 
observed on sea bream juveniles, using a low FM (20%) diet with a 66% inclusion of 
vegetable oil blends (RO, LO and palm oil (PO)) (Benedito-Palos et al., 2008). However, 
total replacement of dietary fish oil by LO or SO in turbot (Regost et al., 2003) and by a 
VO blend of both oils in sea bream (Montero et al., 2008) and sea bass (Montero et al., 
2005) diets led to a decrease in growth performance. The total amount of supplemental 
fish oil possible to withdraw from the control diet of Senegalese sole (2.5% maximum) 
was very low compared with the above mentioned studies with similar FO substitution 
(Izquierdo et al., 2003; Montero et al. 2005; Mourente, Bell, 2006; Benedito-Palos et al., 
2008 Fountoulaki et al,.2009, Martins et al., 2011). However, we should bear in mind 
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that Senegalese sole does not tolerate high dietary lipid levels to achieve optimal growth 
and has a high protein requirement (Borges et al., 2009; Rema et al, 2008). A dietary 
formulation for this species based on practical feedstuffs, available in the market at 
competitive prices, result in a high contribution of fish meal to total dietary fat unless high 
quality defatted protein sources can be developed. Further research is required to 
evaluate diets with a lower contribution of marine feedstuffs to total dietary lipids, as it 
will allow better evaluation of the impact of vegetable oil sources in Senegalese sole 
growth.  
Low feed conversion ratio (1.2 – 1.1) along with the absence of significant 
differences on nutrient gain and retention between dietary treatments confirm the good 
acceptability of experimental diets by sole. In previous studies with Senegalese sole 
juveniles Borges et al. (2013a, 2009) reported similar FCR values in fish fed a low lipid 
diet (8%), which resulted in maximal growth and feed efficiency. Whole body 
composition in lipids varied between 5.2 and 4.8% WW, confirming previous findings 
that Senegalese sole is a lean fish with low whole-body fat content (Borges et al., 2013a, 
2009; Cabral et al., 2011; Valente et al., 2011). 
Plasma triglycerides and cholesterol were not affected by fish oil substitution 
level and type of blend, confirming previous results in Atlantic salmon (Jordal et al., 
2007). With the drop in dietary DHA and EPA, it was expected to observe increased 
plasma triglyceride levels in fish fed VO diets. Despite the slight differences in biological 
activity, in mammals both fatty acids are able to decrease serum triglycerides and 
prevent cardiovascular disease (Von Schacky, 2006). In fact, an interaction between the 
concomitant substitution of fish meal and oil was proposed in a previous study with 
Atlantic salmon (Torstensen et al., 2011). Contrarily to our results in Senegalese sole, 
the diets containing high substitution levels of both vegetable oil and vegetable protein 
sources were able to display higher plasma triglycerides and increased APOB100 
expression, suggesting a more active liver fatty acid turnover and transport (Torstensen 
et al., 2011). Decreased cholesterol content and higher levels of phytosterols found in 
vegetable sources (Phillips et al., 2002) are generally enough to decrease total plasma 
cholesterol when marine sources are replaced by plant sources (Morais et al., 2011). In 
the present study, we should bear in mind that the amount of fish oil withdrawn from the 
diets (2.5% maximum) was in fact very low since this species does not tolerate high 
dietary lipid levels to achieve optimal growth. This small amount of fish oil reduction in 
fact had no major effect in plasma metabolites like triglycerides and cholesterol. 
Nevertheless, in future works it should be interesting to study the effect of fish oil 
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substitution in cholesterol synthesis, since in Atlantic salmon genes related to this 
pathway were up-regulated when marine sources were substituted by vegetable sources 
(Leaver et al., 2008), which could explain the similar cholesterol levels observed in the 
present work. 
Despite the similar triglycerides levels, liver fat content and HSI showed a 
general tendency to increase with increasing VO blend inclusion and with the 
concomitant replacement of FO and FM. Previous studies reported increased liver lipids 
and HSI when fish oil and fish meal were replaced by vegetable oils and plant protein 
sources (Bell et al., 2002; Fernandes et al., 2012; Fournier et al., 2004; Karalazos et al., 
2007), since dietary protein or lipid sources affects lipid deposition and metabolism 
(Figueiredo-Silva et al., 2010; Torstensen et al., 2011; Tovar and Torres, 2010).  
Lipogenic enzymes, ME and G6PDH activities were lower than previously 
recorded for this species (Dias et al., 2004), but presented the same relationship 
between them; G6PD activity was several times higher than ME activity. As observed in 
several other fish like sparides (Boujard et al., 2004; Figueiredo-Silva et al., 2010; 
Gomez-Requeni et al., 2003) or flatfish like turbot (Regost et al., 2001; Regost et al., 
2003) pentose phosphate pathway emerges as the major NADPH supplier; an important 
cytoplasmic reducing equivalent for fatty acid synthesis. In Atlantic salmon high levels of 
dietary n-3 PUFA (29% versus 15% of total fatty acid), especially DHA and EPA, 
promoted a decrease in hepatic G6PD and ME activities (Menoyo et al., 2006) and that 
higher inclusion levels of n-3 fatty acids like linolenic acid could lead to increased G6PD 
activity (Agaba et al., 2005). Supporting this evidence, it was observed in trout liver cell 
line an inhibition of G6PD and FAS by these two highly unsaturated fatty acids, with 
DHA strongly inhibiting FAS and EPA exhibiting greater potential to inhibit G6PD and 
acetyl-COA carboxylase (Alvarez et al., 2000). However in the present study, despite 
higher DHA and EPA levels in the control (CTR) diet it seems that fatty acid composition 
of the diets does not affect lipogenic capacity as much as total lipid content, as 
previously observed (Borges et al., 2013a). Similar results were observed in sea bass 
when 40% of fish oil was substituted by a vegetable oil blend (Richard et al., 2006). 
Differences between FA profiles of the experimental diets can be explained 
based on the variability and amounts of the ingredient in diet formulation (Table 1). In 
the present study, major differences found on FA profiles are attributable to different 
levels of fish oil substitution rather than the composition of blend A or B. Treatments with 
the same level of fish oil substitution (VO50A; VO50B and VO100A; VO100B) displayed 
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similar liver (table 5) and muscle FA profiles (Table 6). Few differences were noticed 
among all groups, considering muscle and liver saturated fatty acid (SFA) and 
monounsaturated fatty acid (MUFA) classes. However, fish fed CTR diet displayed 
significantly lower muscle oleic acid content than fish fed VO100A, VO100B and 
VO50PP diets. Differences are related to higher dietary concentration in oleic acid in VO 
diets, since muscle FA profile has a high correlation with dietary FA profile in almost all 
fish species (Turchini et al., 2009). Present results suggest a selective deposition and 
retention of some key PUFA, namely arachidonic acid (ARA) and docosahexanoic acid 
(DHA), which content in muscle (ARA: 1.1-2% and DHA: 14-20%) and liver (ARA: 1.2-
2.9% and DHA: 7.6-17.8%) was always higher than their corresponding dietary 
concentrations (ARA: 0.7-1.2% and DHA: 6-10%). Fountoulaki et al. (2009) also 
reported ARA and DHA retentions in gilthead sea bream when fed VO diets, while in 
turbot (Regost et al., 2001) and European sea bass (Dicentrarchus labrax L.) (Montero 
et al., 2005; Mourente and Bell, 2006) this was only found for DHA. 
On the other hand, linoleic acid (18:2 n-6, LOA), α-linolenic acid (18:3 n-3, ALA) 
and EPA were less retained on both tissues, suggesting that these FA were selectively 
used for energy or converted to longer chain unsaturated FA (Mourente and Bell, 2006; 
Pratoomyot et al., 2008). ALA muscle contents, showed no statistical differences 
(P>0.05) in sole fed the experimental diets, although EPA and DHA were significantly 
reduced with VO inclusion and with the concomitant replacement of FO and FM. In 
general, liver and muscle fatty acid profile of fish fed the VO50PP diet was identical to 
the fish fed the VO100 diets, reflecting the impact of the substitution of fishmeal and fish 
oil on fish fatty acid profile (Tables 5 and 6).However at the end of the trial, muscle DHA 
levels were still high even when fish were fed VO50PP diets (0.8 – 0.3g per 100g of 
muscle). A possible explanation for DHA preferential retention in muscle could be due to 
its poor utilization as a substrate for beta-oxidation because of this fatty acid complex 
catabolism (Sargent et al., 2002) or due to preferential oxidation of other fatty acids in 
fish fed FO based diets (Stubhaug et al., 2007). Furthermore, lipids mainly exist in cells 
stored as triacylglicerol molecules (neutral lipids) or as phospholipids (polar lipids) and 
the neutral fraction normally reflects the fatty acid profile of the diet, so the tissue fatty 
acid make-up will depend on the relative proportions of neutral and polar lipids (Turchini 
et al., 2009). Senegalese sole is a lean fish exhibiting a low lipid storage capacity in this 
tissue (Borges et al., 2009; Dias et al., 2004; Valente et al., 2011) and possibly its FA 
profile mainly reflects the polar fraction of the cell membrane phospholipids, from which 
DHA is a major component (Glencross, 2009). Muscle fatty acid profile of fatty fish will 
be more affected by fish oil substitution in their diet than in a lean fish, in which fatty acid 
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profile reflects the polar lipid fraction (Turchini et al., 2009). Fatty acid elongation and 
desaturation was not affected by fatty acid composition. Until very recently (Voss et al., 
1991) it was believed that higher vertebrates could not synthesize DHA directly, but 
further elongation to 24:5n-3 and action of a ∆6 desaturase followed by a beta oxidation 
was needed to obtain this fatty acid. However, a different pathway was recently 
characterized in the herbivorous fish S. canaliculatus, suggesting that, at least in some 
vertebrates, DHA could be produced from EPA via elongation followed by direct ∆4 
desaturation (Li et al., 2010). Recently, Morais et al. (2012) presented evidences of fatty 
acid elongation through the characterization of an elongase 5 (Elov5), and a possible 
route for DHA synthesis directly from EPA through a ∆4 desaturase in Solea 
senegalensis. In that study elov5 was not regulated at transcriptional level by dietary 
treatments but ∆4 desaturase was up-regulated when larvae were fed diets deficient in 
DHA and EPA. Previous works reported higher growth in larvae fed diets devoid of DHA 
(Villalta et al., 2005) and lower growth when fed high levels of this fatty acid (Morais et 
al., 2006; Villalta et al., 2005), suggesting that this species is capable of growing with 
diets devoid of DHA. Senegalese sole is a lean benthic fish and according to its natural 
diet (polychaete and small crustaceans) (Cabral, 2000; Luis and Passos, 1995) EPA is 
probably its preferential source of long chain fatty acid instead of DHA. The data 
presented here suggests that Solea senegalensis does not requires dietary DHA levels 
as high as other vertebrates (Das, 2006) and that the inclusion of vegetable oils does 
not induce changes in elov5 and ∆4 desaturase transcription, despite the lower DHA 
and EPA content, probably because FM supplied enough EPA and DHA to meet their 
needs. By comparing the level of EPA in the diets with that in the liver we could propose 
that EPA was elongated to DHA, although elov5 and ∆4 desaturase did not presented 
differences among treatments, reinforcing the hypothesis that probably DHA is 
selectively retained and EPA is used for the production of eicosanoids or oxidized. 
EPA is a good substrate for beta oxidation when present at high dietary 
concentrations (Tocher, 2003; Turchini et al., 2009). VO inclusion in diets and 
consequent decrease in EPA, resulted in preferential retention of this FA in Atlantic 
salmon (Salmo salar) (Stubhaug et al., 2007). The same trend was described by Martins 
et al. (2011) in Atlantic halibut (Hipoglossus hippoglossus L.) fed diets with 40 and 70% 
linseed oil. However, in the present study, muscle EPA decreased at the same rate 
(around 2/3) in all groups when compared to its dietary level, suggesting that low dietary 
EPA concentration is not a determining factor for selective retention of this FA in 
Senegalese sole muscle. Thus, when replacing FO by VO in Senegalese sole feeds it is 
important to maintain a minimum level of EPA for the fish metabolism, but also to assure 
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final nutritional quality of the edible portion (flesh/muscle). PUFA are the most important 
lipid class, since it includes n-3 PUFA, responsible for the health benefits attributed to 
fish such as prevention of cardiovascular and neurological diseases (Shearer et al., 
2012; Simopoulos, 1999; Von Schacky, 2006). Fish fed VO50 and CTR diets were richer 
in n-3 PUFA, and showed a similar DHA/EPA ratio, thus resulting in products with better 
nutritional value. 
In conclusion, in Solea senegalensis juveniles it seems possible to substitute up 
to 100% of supplemental fish oil by any of the blends used here, without compromising 
growth performance and feed utilization. The concomitant substitution of fish oil and fish 
meal for vegetable sources also did not affect growth, although due to the slightly lower 
growth recorded, it would be advisable to verify its effects in a longer term feeding trial. 
These results should be interpreted with caution as fish meal was still the major 
contributor to total dietary fat in such diets. Future works are warranted to evaluate diets 
with a lower contribution of marine feedstuffs to total dietary lipids in order to ascertain 
Solea senegalensis EFA requirements. Lipogenesis was not affected by dietary 
treatments and fatty acid elongation and desaturation of HUFA (highly unsaturated fatty 
acids) was not up-regulated by dietary treatments despite lower dietary EPA and DHA 
levels in diets with vegetable oil substitution. Recommended daily intake (RDI) of 
EPA+DHA is estimated to be at least 0.25 g per day for healthy human individuals 
(EFSA, 2010). In the present study, fish fed CTR and VO50A diets had the highest 
EPA+DHA content in fish fillet (0.7-0.9 g per 100g muscle), approximately three times 
higher than the RDI, whereas fish fed VO50PP had the lowest (0.4g per 100g of 
muscle), but still two times higher than RDI. Therefore, fish fed the experimental diets 
show good nutritional value for human consumption. Nevertheless, in future works it 
should be interesting to ascertain whether the fatty acid profile could be re-established 
with a finishing diet.  
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6.1 - General discussion  
Solea senegalensis is a flatfish species that has drawn the attention of European 
aquaculture in the past decades. Due to the difficulty in controlling its life cycle, a large 
scale production has been started only recently. In the past decade several advances in 
this species nutrition have been achieved and significant data has been generated 
regarding sole nutritional physiology (Conceição et al., 2007), gross protein requirement 
(Rema et al., 2008) and ability to use vegetable protein sources (Silva et al., 2010, 2009). 
Dietary lipids were shown to affect growth performance of Senegalese sole. In 2009, 
Borges et al. evidenced a low lipid tolerance by Senegalese sole juveniles and suggested 
a maximal dietary inclusion level of 8% lipids for both optimal growth and nutrient 
utilisation. The mechanisms behind this apparent poor lipid utilisation are unknown and 
were contrasting with the findings in other species. The need to understand this 
phenomenon lead to the present thesis, in which we have tried to reveal a little bit more 
about this species macronutrient utilisation, especially the lipids.  
The experiments proposed in this thesis were designed to address the following 
questions: 
- Are dietary lipids more efficiently utilised for growth and protein accretion when 
dietary protein content is lowered? (chapter2) 
- Are lipids digestion and absorption affected by high dietary lipid content (16% 
lipids)? (chapter 3) 
- Are there any interaction between dietary lipids and carbohydrates? (chapter4) 
- What is the consequence of the replacement of fish oil by vegetable oils in sole 
diets? (chapter 5) 
As most flatfish species, Solea senegalensis has a high protein requirement 
(Rema et al., 2008). The balance between dietary protein and energy has a major impact 
on protein utilisation (Bureau et al., 2002; Kaushik, 1998), affecting the ratio between 
protein oxidation (energy) and synthesis (growth). With the state of world fisheries and the 
shortage of marine ingredients, the inclusion of more environmentally friendly and 
available ingredients is crucial to make aquaculture more sustainable and profitable 
(Tacon and Metian, 2008). Consequently, diets used in the proposed trials were 
formulated according to Sole requirements and having in attention the previous concerns. 
Senegalese sole diets contained a considerable amount of vegetable protein, although in 
line with the results obtained previously to maintain growth performance identical to fish 
meal based diets (Cabral et al., 2011; Silva et al., 2010). 
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To address the first question, in chapter 2 two dietary lipid levels (4–17% DM) and 
two dietary protein levels (below and above the requirement, 48 and 54% DM) were 
tested to verify if protein sparing effect could be achieved when the dietary protein level is 
lowered. Besides being energy-providing nutrients, dietary lipids are important in marine 
fish as a source of essential fatty acids, especially 20:5n-3 (EPA), 22:6n-3 (DHA) and 
20:4n-6 (arachidonic acid) (Sargent et al., 2002). In chapter 2 by decreasing dietary 
protein it was intended to limit protein utilisation for energy purposes, compensating this 
decrease with dietary lipids with the objective to direct dietary protein for protein accretion. 
However, high fat diets did not improve growth performance and protein accretion was 
inferior irrespective of the dietary protein, demonstrating the weak effect of lipids on 
protein sparing. In carnivorous species like rainbow trout (Oncorynchus mykiss) (Lee and 
Putnam, 1973), sea bream (Sparus aurata) (Vergara et al., 1999, 1996) and sea bass 
(Dicentrachus labrax) (Dias et al., 1998), a protein sparing effect has been achieved by 
substituting dietary protein by a non-protein energy source, which in the case of marine 
species is commonly lipids. In flatfish species, a protein sparing effect of dietary lipid has 
been observed in turbot (Scophthalmus maximus) (Bromley, 1980) and Atlantic halibut 
(Hippoglossus hippoglossus) (Helland and Grisdale-Helland, 1998). However, the 
increase of dietary lipids at high dietary protein level led to a decrease in growth 
performance in turbot (Regost et al., 2001). In sole increasing the lipid level from 11 to 
21% (Dias et al., 2004), did not improve growth performance, but at levels equal or below 
8 % growth performance was improved (Borges et al., 2009). Recently, it was observed 
that if the dietary protein is lowered to 45% at a high lipid level (17%) this species is 
capable of sparing protein for plastic purposes (Guerreiro et al., 2012a). Nevertheless, 
diets with low fat (4%) and high protein content (55%) presented the best growth and feed 
efficiency, just like in chapter 2. Compared to other species like trout, sea bream or sea 
bass, Solea senegalensis can be considered a slow grower. This could be implicated with 
this species low capacity to utilize non-protein energy, especially lipids. Although it is clear 
that Senegalese sole has not the capacity to ingest the same quantity of feed as the 
aforementioned species. In the chapter 2, 3, 4 and 5 feed intake varied from 10-14 g/kg 
average body weight (ABW)/day while in other marine carnivorous juveniles with faster 
growth like sea bream and sea bass daily feed intake can be more than double (Company 
et al., 1999b; Izquierdo et al., 2003), with values generally ranging from 15- 30g/kg 
ABW/day. This can be an anatomical limitation of Sole that due to its small stomach 
(Yúfera and Darías, 2007) is not able to ingest large feed quantities, hence limiting 
nutrient supply for growth. 
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Solea senegalensis is a lean fish, with a muscle lipid content around 2% and whole 
body lipid composition inferior to 6% of fresh weight (Borges et al., 2009; Dias et al., 2004; 
Silva et al., 2009), suggesting a low capacity to store and utilize lipids. Fatty acid synthase 
activity in this species is similar to other carnivorous fish like trout (Figueiredo-Silva et al., 
2012), sea bass (Dias et al., 1998) and sea bream (Gomez-Requeni et al., 2003) and it is 
inhibited by dietary fat intake like in mammals (Chirala and Wakil, 2004; Teran-garcia et 
al., 2007) (chapter 2, Table 4). In fact, fish appear to regulate the mitochondrial oxidation 
enzymes in a similar manner to mammals. In the red muscle of striped bass (Rodnick and 
Sidell, 1994) and Atlantic salmon (Frøyland et al., 1998), malonyl-CoA (FA synthesis 
product) inhibits carnitine palmitoyltransferase I, which mediates the long chain fatty acid 
transport to the mitochondria by binding with carnitine. Therefore, it was expected that 
sole fed a high lipid level might increase oxidation activity, due to both a reduction in the 
level of malonyl-CoA and the increase availability of FA substrate, like reported in humans 
(Rasmussen and Wolfe, 1999). However, the increase in dietary lipids, even when 
combined with a lower dietary protein level, did not change the activity of 3-hydroxyacyl-
CoA dehydrogenase (HAD), one of the key enzymes of the β-oxidation pathway, neither in 
liver nor muscle of sole (chapter 2, Table 4). Interestingly, the increase in growth 
performance in low fat diets seems to be related to the starch levels in the diets. Despite 
the belief that carbohydrates are poorly utilized by carnivorous fish (Wilson, 1994), 
phosphofructokinase activity was significantly enhanced in the muscle of sole fed the low-
lipid diets (48/4 and 54/4), and clearly higher in the fish fed the low protein/low fat diet 
(48/4), that had the highest starch content. In conclusion, dietary lipids do not seem to be 
a good energy source in S. senegalensis as no clear evidence of a protein-sparing effect 
by increasing dietary lipid levels is observed, even when the dietary protein level is 
lowered from 54 to 48 %. The activity of selected enzymes (HAD, ALAT, ASAT) points 
towards a lack of metabolic adaptation to high lipid levels, reflecting the high protein 
requirement of the species.  
With lipid utilisation not being dependent on the protein:lipid ratio (chapter 2), in 
chapter 3 we studied the impact of dietary lipid level on lipid absorption and transport. 
Previously, it was observed that sole faeces were soft and difficult to collect (Dias et al., 
2010) suggesting mild steatorrhea, which we thought it could be the reason for the weak 
lipid utilisation by sole. Two isoproteic diets (approximately 54 % protein dry matter basis) 
with different dietary lipid levels were tested; a 4% lipid diet, devoid of any addition of 
supplemental fish oil, and a 17% lipid diet, that previously led to a decrease in growth 
performance. In chapter 3 it was observed that lipid digestibility of the high and low fat 
diet was similar (82-86%) indicating that the low faecal consistency was not a 
Towards the Understanding of Senegalese sole Lipid Metabolism – CHAPTER 6 
 
106 
consequence of low lipid digestibility (steatorrhea) and that sole is able to digest equally 
well high fat and low fat diets, with inclusively slightly higher values recorded in high fat 
diets. In previous studies where digestibility was analysed (Cabral et al., 2011, 2013; Dias 
et al., 2010), lipid digestibility was not assessed and authors referred the difficulty to 
collect faeces. Recently, a non-lethal method was developed that looks like a good 
alternative to dissection in Senegalese sole (Peres et al., 2013). In this work the lipid and 
protein digestibility were not affected by dietary lipid level, corroborating the main 
conclusion presented in chapter3: high lipid levels does not impair digestibility. In species 
like turbot (Regost et al., 2001), sea bream (Fountoulaki et al., 2005; Lupatsch et al., 
1997) or sea bass (Dias et al., 2005; Dias et al., 1998) lipid digestibility is high and was 
never recorded a negative effect of dietary lipids on lipid digestibility. In accordance with 
lipid digestibility, intestinal lipase activity was identical between treatments and no 
differences were recorded in villi height of the anterior intestine (chapter3, Table 5). 
According to data from postprandial plasma triglycerides that peaked 5h after feeding 
(Figure 1) and feed transit evaluation at the same time (Dias et al., 2010), it seems that 
dietary lipids are mainly absorbed in the anterior intestine, consequently being this 
intestine segment the main focus in this study. Fish oil removal from rainbow trout diets 
lowered lipolytic activity by 2.2 (Ducasse-Cabanot et al., 2007) like in rats (Sabb et al., 
1986). However, compared to trout that is able to utilize dietary lipids, Senegalese sole 
intestinal lipase activity is three times higher, suggesting that probably it is not a limiting 
enzyme for this species digestion. Additionally, no sign of inflammation was detected in 
the intestine showing that the high fat diets apparently did not had a negative effect on 
lipid absorption. Nevertheless, an increase in goblet cells was observed in fish fed the 
high fat diet. The goblet cells are present in the gastrointestinal tract and its main function 
is the secretion of mucus for protection against microorganisms, chemical and physical 
attacks but also to lubricate the intestinal tract. The amount and quality of goblet cells 
affect feed transit by increasing the viscosity of the digesta. In pigs (Piel et al., 2005) and 
rats (Hino et al., 2012) it was observed that goblet cell increase with the increase in fiber 
content in the diets, lowering feed transit time. However, in the present study the high fat 
diet, with less fiber content as a consequence of the decrease in wheat meal, presented a 
higher number of goblet cells per cross section of the anterior intestine. This was 
unexpected but could be owed to the protective effect of polyunsaturated acids in the 
intestinal mucosa (Nieto et al., 2002), but further studies are warranted to clarify this 
effect. In other fish species dietary starch and fiber content increase gut transit rates 
(Spannhof and Plantikow, 1983), or affect viscosity and water content of digesta in a 
similar manner to that observed for soluble non-starch polysaccharides (Amirkolaie et al., 
2005; Refstie et al., 1999; Storebakken and Austreng, 1987). In general, results from 
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digestibility points out that sole is able to absorb equally well high and low fat diets at the 
intestinal level. The triglycerides and cholesterol profile of fish fed the high fat diet (17 % 
DM basis) matches this conclusion, as fish fed this diet presented a clear peak 5h after 
the meal while in fish fed the low fat diet (4% DM basis) no clear peak was detected, since 
dietary fat intake was very low (chapter 3, Figure 1). 
Once in the blood stream, dietary lipids are delivered to the main peripheral tissues 
such as liver and muscle. The gene expression analysis of some main actors in lipid 
transport gave a further insight on Solea senegalensis lipid utilisation. As reported in 
chapter 3, liver mRNA expression of microsomal triglyceride transfer protein, very-low-
density lipoprotein receptor (VLDL-r) and fatty acid binding protein 11 (FABP11) was 
increased with the high fat diets 16h after the meal whilst at the muscle level no 
differences were found. VLDL-r belongs to the family of the low density lipoprotein 
receptors and is expressed in fatty acid active tissues like muscle or adipose tissue. In 
higher vertebrates it is not found in the liver, although Agulleiro et al. (2007) recently found 
that at least in sole VLDL-r can be expressed in this tissue. This receptor exists in two 
forms that arise from differential splicing. The difference between the two isoforms 
consists in the presence or absence of an O-linked sugar domain, with the predominant 
isoform possessing this domain. Despite this difference, the absence of the O-linked 
sugar does not seem to interfere with the receptor function (Li et al., 2003). The VLDL-r 
binds apolipoprotein (apo) E but not apo B, and is modulated by lipoprotein lipase to 
finally deliver triglycerides to peripheral tissues. The expression of VLDL-r in S. 
senegalensis liver, which is absent in mammals (Nimpf and Schneider, 2000), and its 
modulation by dietary lipids as well as FABP11 foresees a role of liver in clearing plasma 
triglycerides. Based on the present data, it is difficult to relate the clearance of plasma 
triglycerides with the expression of FABP11 in the liver, however muscle lack of 
adaptation to high fat diets strengthens this theory. Irrespective of dietary lipid level, 
muscle does not seem to increase lipid uptake or use, as demonstrated by the lack of 
differences in FABP11 and VLDL-r expression levels (chapter 3, Figure 5), HAD activity 
(chapter 2, Table 4) and lipid muscle content (Borges et al., 2009). 
Solea senegalensis can digest equally well low and high fat diets as evidenced by 
nutrient digestibility and intestinal lipase activity. Furthermore, plasma triglycerides peaked 
5 h after the meal, with high fat diets clearly reflecting the higher fat intake. These results 
demonstrated that the observed growth impairment in this species cannot be attributed to 
a poor lipid digestibility as initially hypothesised, which leads us to consider a possible 
interaction between dietary lipids and carbohydrates (chapter 4). 
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Glucose regulation has been widely debated (Barzilai and Rossetti, 1993; Caruso 
and Sheridan, 2011; Hemre, 2002; Polakof et al., 2012, 2011b; Stone, 2003), although 
several points still remain unclear. In carnivorous fish species, dietary carbohydrates are 
limited to 20%, since it was observed that increasing beyond this limit resulted in a growth 
decrease and persistent hyperglycaemia (Hemre, 2002; Panserat et al., 2009). The main 
cause behind this phenomenon is still unknown, but there are some features that partially 
can explain it. The reduced number of muscle insulin receptor (Planas et al., 2000) and 
the low affinity of glucose to its transporters in fish species (Díaz et al., 2007), as well as a 
lack of capacity to down-regulate liver gluconeogenic pathways (Barzilai and Rossetti, 
1993; Nordlie et al., 1999; Panserat et al., 2002) are the major arguments for the 
observed hyperglycaemia in carnivorous fish species. Although there is no single 
metabolic aberration that precedes hyperglycaemia, current epidemics of diabetes and 
obesity in mammals are seemingly related (Mokdad et al., 2003) and several reports point 
out high fat intake as one cause for the development of this condition (Bergman and Ader, 
2000; Ding et al., 2010; Hildreth et al., 2012; Wang et al., 2002; Wang et al., 2003). Solea 
senegalensis fed the high fat/low carbohydrates presented higher plasma glucose levels, 
but ingested significantly less starch and more fat when compared with the fish fed the low 
fat/high carbohydrate diet, suggesting impaired glucose regulation. In rainbow trout high 
fat diets promoted an induction of the glucose 6 phosphatase (G6Pase) (Figueiredo-Silva 
et al., 2012; Panserat et al., 2002) but not as strong as that observed in Senegalese sole 
(chapter 4). However, in rainbow trout protein intake was different between diets which 
could have contributed to an increase in G6Pase activity in the low fat diets, uncovering 
possible differences between treatments (Kirchner et al., 2005). G6Pase completes the 
final step of gluconeogenesis and glycogenolysis and therefore plays a key role in the 
homeostatic regulation of blood glucose levels (Nordlie et al., 1999). Solea senegalensis 
fed the high fat/low starch diet also presented higher glucose 6 phosphatase activity, likely 
implicated in the fact that liver is not able to efficiently regulate plasma glucose levels. At 
the muscle level, hexokinase was significantly higher in fish fed the low fat/high 
carbohydrate diet, with citrate synthase presenting the same tendency. In chapter 4, no 
differences in phosphofructokinase 1 (PFK-1) activity were detected between dietary 
treatments. However, in chapter 2 PFK-1 was almost 2 times higher with the low fat diets, 
especially with the diet with higher starch content (48/4). A possible cause for the disparity 
of the results could be the difference in the sampling hour that in chapter 4 was 10h later 
(6 vs 16h after the meal in chapter 4). Plasma glucose level peaked between 1 and 2h 
after the meal and probably 6h after the meal should the best time to evaluate PFK-1 
activity and 16h after the meal is already too late, as suggested by the lower enzyme 
activity recorded. Nonetheless, data from our trials point out a possible interaction 
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between carbohydrates and lipids. In fish species the interaction between carbohydrates 
and lipids has not drawn much attention with only few studies approaching this subject 
(Figueiredo-Silva et al., 2012; Panserat et al., 2002). However, in mammals intake of high 
fat diets have long been associated with glucose regulation impairment and metabolic 
disorders (Hue and Taegtmeyer, 2009; Lazar, 2005; Randle, 1998). Either by competing 
with glucose as a substrate per si or by affecting insulin secretion and signal, high fat 
intake is nowadays recognised as major causes in the development of cardiovascular 
diseases and diabetes. Considering the major role of muscle AKT pathway in insulin 
signalling, it is not surprising that this system has been investigated as a possible site of 
insulin defective signalling and an important factor in the development of hyperglycaemia. 
The increase in muscle AKT, S6k-1 and S6 together with the lower plasma glucose levels 
in sole fed the low fat/high starch diet suggests an induction of the insulin signalling 
pathway. AKT is a critical node in insulin action (Taniguchi et al., 2006) and after 
upstream activation (insulin receptor (IR)/ insulin receptor substrate), this protein initiates 
the signalling of a family of proteins involved in cytoskeletal re-organization required for 
the translocation of the glucose transporter GLUT4, promoting glucose uptake. First 
studies in this subject demonstrated that insulin-stimulated AKT phosphorylation was 
impaired in the skeletal muscle of Goto-kakizaki rats and in muscle biopsies from type two 
diabetic patients (Krook et al., 1997, 1998). Higher S6K-1 and S6 phosphorylation level in 
sole also suggests that the higher protein gain in sole fed the low fat/high starch diet could 
be due to an efficient signalling, that resulted in higher growth. Aminoacids also are 
capable of activating S6K1 and S6 and recent studies revealed new functions of S6K-1, 
as it regulation and effects on glucose can be more complex than previously thought. 
Recently, a negative feedback loop was detected involving S6K-1 and the mediation of 
insulin resistance in mammals. Initial observations found that amino acid stimulation 
inhibits insulin-induced class I PI3K signalling, whereas subsequent studies showed that 
this inhibition is reversed by rapamycin treatment (Nobukuni et al., 2007). Sole fed the low 
fat diet and the high fat diet displayed similar protein intake and digestibility (chapter 3). 
Nevertheless, the low fat/high starch diet induced higher protein accretion, probably due 
to a stimulation of the AKT-mTOR patway, which could be related also with an induction of 
the insulin signalling pathway. Unfortunately the most important piece of this puzzle is 
missing: insulin. Insulin measurements are still one of the most debated subjects in fish 
nutrition, and since the pertinent review of Plisetskaya (1998) the picture remains mainly 
the same: for almost all teleost species we do not know if we are measuring insulin or 
proinsulin plus insulin, and we still depend on peptide isolation and purification 
procedures, with no reliable piscine commercial kit available as far as we know. However, 
insulin as well as its pathways are highly conserved from mammals to invertebrates 
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(Seiliez et al., 2008) and, not surprisingly, the administration of exogenous insulin (bovine 
insulin) (Polakof et al., 2011a, 2010; Seiliez et al., 2011a, 2011b) in fish and the 
administration of fish insulin in humans (Wright, 2002) has the same outcome- normal 
glycaemia. In conclusion, these results point out an interaction between dietary lipid and 
carbohydrates also in sole as plasma glucose regulation is affected by dietary fat intake. 
In addition, data reported in chapter 4 suggest that sole can cope with high levels of 
dietary starch. 
Finally, in chapter 5 the effects of vegetable dietary lipid sources were evaluated 
in Solea senegalensis juveniles. The impact of increasing levels of vegetable oils blends 
(blend A and B) on fatty acid composition, elongation and desaturation potential of Solea 
senegalensis was determined. As described in other species (Turchini et al., 2009), fatty 
acid composition was affected by dietary fatty acids profile. The percentage of substitution 
(50 and 100%) had a greater impact on the fatty acid profile than the type of blend. The 
main difference between blend A and B was the withdraw of soybean oil in blend B. Since 
the percentage of soybean oil was very low, no major differences on dietary fatty acid 
composition were recorded between the two blends. The blends were formulated to 
resemble fish oil fatty acid profile regarding the content of MUFA and PUFA, but without 
DHA and EPA. Despite the low fish oil incorporation in Solea senegalensis feed, 
substitution of this ingredient remains one of the main milestones to make aquaculture a 
“greener” activity, due to the large number of wild fish needed to extract fish oil (1 tonne = 
5 kg of fish oil) (Tacon and Metian, 2008). The substitution of fish oil by more sustainable 
sources like vegetable oils has been adopted by the feed industry long time. Nowadays, 
fish oil substitution is successfully accomplished within certain limits in many fish species. 
Data from chapter 2, 3 and 4 show that Solea senegalensis is capable of exhibit similar 
growth rates when fed diets devoid of supplemental fish oil suggesting that this species 
could be a good candidate to perform a complete fish oil substitution. Despite the low 
inclusion of dietary fish oil tested in chapter 5, the large amount of fish meal in this 
species diet provided the DHA and EPA needed to meet the requirement. Nonetheless, it 
was previously observed that only 5% fishmeal inclusion and 5% of dietary lipids is 
enough to ensure a good growth performance in Senegalese sole as long as keep the 
amino acid profile balanced, predicting a low DHA and EPA requirement (Silva et al., 
2009). Even at early life stages where these fatty acids are crucial for neural development, 
lower growth was reported when Sole larvae were fed high levels of DHA (Morais et al., 
2006; Villalta et al., 2005), with larvae fed diets devoid of DHA performing better (Villalta 
et al., 2005). In chapter 5, since most fatty acids were provided by fishmeal, the 
substitution of 50 or 100% fish oil did not severely affect liver or muscle fatty acid 
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composition, independently of the type of blend. However, ARA, EPA and DHA content 
decreased with the increasing levels of supplemental fish oil substitution, either in the 
muscle or liver. Both liver and muscle ARA and DHA levels were higher than those found 
in the diets where fish oil was substituted. Hence, the elongation and desaturation 
potential of liver was assessed by measuring gene expression of two key enzymes 
involved in this process. Recently, Morais et al. (2012) presented evidences of fatty acid 
elongation through the characterization of an elongase 5 (Elov5), and a possible route for 
DHA synthesis directly from EPA, its precursor, through a ∆4 desaturase in Solea 
senegalensis, a carnivorous species. In that study elov5 was not regulated at 
transcriptional level by dietary treatments, but ∆4 desaturase was up-regulated when 
larvae were fed diets deficient in DHA and EPA. However, in the present study gene 
expression levels of these proteins did not vary with increasing dietary vegetable oil 
inclusion, suggesting that fatty acid bioconversion pathways were not up-regulated and 
that the increasing levels of these fatty acids in the tissues is probably due to selective 
retention rather than to fatty acid elongation and desaturation. Results suggest a selective 
deposition and retention of some key PUFA, namely arachidonic acid (ARA) and 
docosahexanoic acid (DHA), which content in muscle (ARA: 1.1-2% and DHA: 14-20%) 
and liver (ARA: 1.2-2.9% and DHA: 7.6-17.8%) was always higher than their 
corresponding dietary concentrations (ARA: 0.7-1.2% and DHA: 6-10%). On the other 
hand muscle EPA decreased at the same rate (around 2/3) in all groups when compared 
to its dietary level, suggesting that low dietary EPA level is not a determining factor for 
selective retention of this FA in Senegalese sole muscle as observed in salmon (Stubhaug 
et al., 2007; Suontama et al., 2007) or halibut (Martins et al., 2011). 
Despite the evidence that muscle fatty acid profile was affected by diets fatty acid 
profile, fish fed CTR and VO50A diets had the highest EPA+DHA content in fish fillet (0.7-
0.9 g per 100g muscle), approximately three times higher than the recommended daily 
intake (RDI), whereas fish fed VO50PP had the lowest content (0.4g per 100g of muscle), 
but still two times higher than RDI. In conclusion, it seems possible to substitute up to 
100% of fish oil by any of the blends used here, without compromising growth 
performance and feed utilization in Solea senegalensis juveniles. Additionally, fatty acid 
elongation and desaturation of HUFA (highly unsaturated fatty acids) were not up-
regulated in diets with vegetable oil substitution despite their lower EPA and DHA levels. 
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6.2 - Main conclusions 
The results presented in this thesis give further insight on the lipid metabolism of 
Solea senegalensis and evidences that diet formulation in this species should be adapted 
to their low lipid needs to optimize growth performance. The following conclusions can be 
drawn from the results presented: 
- There is no evidence of a protein sparing effect by increasing dietary lipid 
levels, even when dietary protein level is lowered below the protein 
requirement, from 54% to 48%, respectively. 
- The best growth performance was obtained with the diet that contained 54% 
protein and 4% lipid, not being possible to spare protein by increasing dietary 
lipid content. 
- Activity of enzymes involved in beta-oxidation (HAD) and protein catabolism 
(ALAT, ASAT and GDH) point towards a lack of metabolic adaptation to high 
lipid levels. 
- Dietary lipid level does not impair lipid digestion and absorption, as digested 
lipids are efficiently absorbed, resulting in increasing plasma triglyceride level. 
- A possible negative effect of high dietary lipid level on postprandial glycaemia 
was evidenced in Senegalese sole, suggesting that glucose utilization could be 
strongly affected by fat intake as observed in higher vertebrates. 
- Senegalese sole can cope with high levels of VO without compromising growth 
performance or nutrient utilization. Despite differences in muscle fatty acid 
profile, fish fillet maintained a good nutritional value. 
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